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PHYSIOLOGICAL  REQUIREMENTS  OF  ROCKY 
MOUNTAIN  TREES1 


By  Carlos  G.  Bates  2 

Silviculturist,  Forest  Service,  United  States  Department  of  Agriculture 
I.  INTRODUCTION 

The  most  casual  observer  ascending  any  mountain  range  in  the  western 
United  States  can  hardly  fail  to  be  impressed  with  the  fact  that  there  is  a 
sharp  line  of  demarcation  between  the  grassy  plains  at  the  base  of  the 
mountain  and  the  wooded  slopes  of  the  mountain  proper.  As  one  ascends 
farther,  gradual  or  sometimes  very  abrupt  changes  are  noted  in  the  char¬ 
acter  of  the  forest  cover.  With  increase  in  altitude  the  forest  generally 
becomes  more  dense,  trees  of  greater  stature  are  observed,  and  those  who 
are  able  to  distinguish  note  the  occurrence  of  new  species  in  each  alti¬ 
tudinal  zone.  To  a  lesser  degree  the  same  differences  in  the  forest  cover 
may  be  noted  on  opposing  slopes  at  the  same  elevation — that  is,  slopes 
facing  the  south  bear  forests  similar  to  those  at  lower  elevation,  while 
those  facing  the  north  have  the  character  of  higher  altitudes.  The 
vegetation  of  ridges  is  always  different  from  that  of  ravines  at  the  same 
altitudes. 

The  laymen  will  recognize  that  these  differences  in  the  forest  cover  are 
the  result  of  different  “growing  conditions”  at  different  elevations,  just 
as  a  person  who  had  lived  in  the  South  would  recognize,  almost  instinc¬ 
tively,  that  the  growing  conditions  of  the  mountain  valleys  of  Colorado 
could  not  possibly  be  suited  to  the  cultivation  of  corn  or  cotton. 

While  the  intensive  study  of  the  relations  of  plants  to  the  soil  and 
climatic  conditions  which  comprise  their  environment  goes  under  the 
formidable  name  “ecology,”  ecological  knowledge  is  not  confined  to 
scientists  and,  in  fact,  has  been  common  property  for  ages.  The  writer 
has  had  opportunity  to  observe  the  first  impressions  of  a  great  many 
people  who  were  visiting  the  western  mountains  for  the  first  time,  and 
has  been  impressed  by  the  amount  of  logic  exhibited  in  relating  cause 
and  effect  in  the  matter  of  forest  distribution.  Why  does  this  southerly 
exposure  bear  an  open,  scrubby  forest  of  yellow  pine,  and  that  northerly 
exposure,  directly  opposite,  bear  a  much  more  dense  stand  of  vigorously 
growing  firs?  Often  the  people  who  know  no  botany  and  much  less 
ecology  take  in  the  situation  at  a  glance,  at  least  so  far  as  it  is  possible 
to  do  so  from  superficial  evidence. 

To  the  forester  such  questions  are  of  the  utmost  practical  importance. 
Not  only  is  it  the  forester’s  business  to  know  the  trees  with  which  he 

1  Accepted  for  publication  July  6,  1921. 

2  This  project  has  been  under  the  direction  of  the  writer  since  its  inception  in  1910,  and  he  assumes  full 
responsibility  for  the  quality  of  the  work  done  and  for  the  conclusions  deduced  from  the  data.  It  is,  how¬ 
ever,  a  pleasure  to  acknowledge  the  great  efforts  which  have  been  required  of  a  number  of  observers  in  the 
accumulation  of  the  records.  The  records  furnished  by  the  Weather  Bureau  are  duly  acknowledged,  and 
the  efforts  of  all  those  numerous  and  changing  observers  who  have  created  these  records.  The  records  of  the 
Wagon  Wheel  Gap  and  Fremont  Experiment  Stations  are  the  result  of  the  concerted  effort  of  many  regular 
observers,  all  of  whom  deserve  credit.  The  original  installation  of  instruments  at  the  Wagon  Wheel  Gap 
Experiment  Station  was  made,  and  the  records  were  obtained  for  two  years,  under  the  direction  of  B  C 
Kadel,  of  the  Weather  Bureau. 
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is  daily  working,  their  relative  and  absolute  demands  for  moisture, 
light,  heat,  and  soil  fertility,  but  he  must  be  ready  to  make  practical 
use  of  such  knowledge  in  formulating  his  plans  for  reforestation  and  in 
deciding  upon  the  amount  and  kind  of  timber  which  may  safely  be 
cut  from  a  given  area.  Consciously  or  unconsciously  he  is  daily  making 
use  of  whatever  knowledge  he  may  possess  as  to  the  physiological  re¬ 
quirements  of  each  species  in  his  region — that  is,  those  properties  of  the 
tree  which  determine  that  it  will  grow  best  under  certain  conditions 
of  soil  and  atmosphere.  It  is  of  the  utmost  importance  that  this  knowl¬ 
edge  should  not  be  superficial  and  that  through  the  increase  in  scientific 
facts  forestry  should  be  removed  from  its  empiric  basis. 

Unfortunately,  much  of  our  knowledge  of  tree  physiology  and  tree 
requirements  is  still  very  vague,  and  it  is  the  aim  of  forest  ecology  to 
increase,  systematize,  and  analyze  such  knowledge.  As  a  means  of 
systematizing  the  knowledge  of  trees,  in  this  report  we  speak  of  an  area 
of  forest  of  essentially  uniform  composition  as  a  forest  type;  and  it 
is  assumed,  since  the  composition  of  the  forest  is  uniform  over  a  given 
area,  that  the  environmental  conditions  which  have  brought  this  uni¬ 
form  forest  into  existence  must  be  just  about  the  same  over  the  whole 
area,  or  at  least  must  have  been  the  same  at  the  time  when  the  forest 
started.  Usually  a  forest  type  is  given  the  name  of  the  tree  species 
which  predominates  and  gives  it  its  essential  character,  even  though 
a  great  many  other  species  may  occur  in  the  same  stand  in  lesser  num¬ 
bers.  Thus  a  forest  in  which  Douglas  fir  is  the  most  prominent  tree, 
with  occasional  neighbors  of  spruce  and  pine,  would  be  spoken  of  as 
a  “Douglas  fir  type.”  The  word  “type”  is  somewhat  loosely  used  to 
refer  to  the  ground  occupied  as  well  as  to  the  forest  itself. 

A  broader  use  of  the  word  “type”  is  as  a  synonym  for  forest  zone 
or  altitudinal  zone.  It  is  true  that  the  character  and  composition  of 
the  forest  changes  gradually  with  a  change  in  altitude,  and,  for  example, 
most  of  the  ground  between  elevations  of  8,000  and  10,000  feet,  in  a 
given  region,  might  be  occupied  by  Douglas  fir  stands.  But,  from  the 
lower  extremity,  a  great  many  strips  of  yellow  pine  forest  might  extend 
into  this  zone  on  the  warmer,  southerly  exposed  areas,  and  likewise 
from  the  upper  edge  there  would  extend  belts  of  spruce.  As  a  general 
term,  therefore,  the  word  “zone”  is  far  preferable  to  “type,”  and  the 
latter  will  be  used  in  this  report  only  for  specific  areas  bearing  forests 
of  uniform  character. 

As  a  further  distinction  between  forest  areas,  the  forester  has  brought 
into  use  the  word  “site”  to  describe  the  producing  qualities  of  the  ground 
with  respect  to  any  particular  species.  Thus  among  many  Douglas  fir 
types,  all  of  which  were  characterized  by  the  predominance  of  Douglas  fir 
over  other  species,  it  might  be  desirable  to  distinguish  those  of  the  best 
quality  as  “  Douglas  fir  sites  I  ”  and  those  of  very  meager  producing  qual¬ 
ities  as  “  Douglas  fir  sites  III.  ”  Such  distinctions  are  usually  based  upon 
the  evidence  of  the  tree  growth  itself — that  is,  either  the  apparent  rate 
of  growth  determined,  for  example,  by  the  general  vigor  of  the  stand,  or 
the  growth  rate  actually  measured,  is  the  best  possible  evidence  of  the 
quality  of  the  ground.  But  there  is  every  reason  to  believe  that  the  pro¬ 
ductive  capacity  of  the  ground  can  be  measured,  sooner  or  later,  in  terms 
of  the  soil  quality  and  the  atmospheric  conditions  which  simultaneously 
affect  tree  growth,  so  that  any  systematic  effort  to  study  forest  types  and 
to  describe  those  qualities  which  distinguish  them  must  inevitably  be  at 
the  same  time  a  study  of  sites. 
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OBJECTS  OP  THE  PRESENT  STUDY 

Having  now  shown  in  a  general  way  the  nature  of  the  problem  which  is 
constantly  under  consideration  by  students  of  ecology  and  forestry,  the 
purpose  of  the  study  (one  phase  of  which  is  covered  by  the  present  paper) 
may  be  definitely  stated.  As  a  matter  of  fact,  it  has  several  purposes, 
which  are  by  no  means  distinct,  but  worthy  of  individual  enumeration. 

1.  To  compare  the  environments  of  the  several  species  of  trees  with 
respect  to  each  condition  which  may  be  separately  measured,  in  order  to 
determine  what  particular  conditions  have  the  most  important  bearing 
on  the  initiation  of  new  stands,  favoring  one  species  rather  than  another. 

2.  After  noting  the  differences  in  the  conditions  of  the  various  types, 
which  really  indicate  differences  in  the  physiological  functioning  of  the 
species,  to  determine  experimentally  the  degree  of  such  differences  as  may 
exist  between  the  species,  and,  as  a  result,  the  degree  of  difference  in  the 
actual  requirements  of  the  species  for  optimum  growing  conditions.  This 
second  object  can  hardly  be  attained  in  the  field  without  most  extensive 
long-term  study,  and  necessarily  resolves  itself  into  experiments  under 
controlled  conditions  of  temperature,  light,  moisture,  etc.  The  present 
paper  deals  largely  with  the  results  of  such  experiments. 

3.  To  describe  the  conditions  of  the  various  forest  types  of  the  region 
in  such  a  manner  as  will  explain  most  clearly  the  reasons  for  the  success  or 
failure  of  artificial  forestation,  so  far  as  these  may  result  from  the  environ¬ 
ment,  and  the  conditions  and  means  necessary  for  successful  natural 
regeneration  after  fires  or  cutting.  Here  the  object  is  to  lead  away  from 
empiric  silvicultural  “systems”  and  toward  the  attainment  of  definite 
environmental  conditions  in  all  silvicultural  practice. 

4.  To  convey  a  conception  of  the  conditions  under  which  the  Rocky 
Mountain  forests  exist— -that  is,  a  view  of  the  climatic  and  soil  conditions 
of  the  forest  region  as  a  whole. 

It  is  needless  to  state  that  not  all  of  these  objects  have  been  attained  in 
the  present  work,  which  should  be  considered  as  something  of  a  pioneer 
effort,  merely  blazing  the  way  for  much  greater  efforts  and  more  refined 
methods  which  are  necessarily  for  the  future  to  bring  forth.  The  hope 
may  be  justified,  however,  that  the  results  and  conclusions  of  this  study 
will  add  somewhat  to  the  information  on  the  general  subject  and  encourage 
the  doing  of  more  intensive  work. 

SCOPE  OF  WORK 

The  entire  work,  of  which  this  paper  represents  only  a  part,  is  mainly 
a  study  of  the  physical  environments  of  a  number  of  different  forest 
types  in  Colorado  and  Wyoming.  The  detailed  study  of  the  composi¬ 
tion  of  these  several  types  has  not  been  given  a  great  deal  of  attention. 
Since  the  forest  conditions  are  common  ones  and  are  frequently  encoun¬ 
tered  in  the  region,  it  is  believed  that  the  indications  of  prevailing  com¬ 
position  and  of  changes  in  composition,  as  they  may  be  expressed  in 
general  terms,  will  be  as  valuable  for  present  purposes  as  tabulated 
statements  of  the  number,  size,  and  kind  of  trees  found  at  the  several 
stations.  The  observations  of  meteorological  conditions  and  of  certain 
soil  conditions  thought  to  be  fully  as  important,  have,  therefore,  com¬ 
prised  the  major  part  of  the  field  work. 

However,  the  early  efforts  (1)  3  to  summarize  and  compare  these  site 
conditions,  as  given  in  meteorological  and  soil  records,  and  to  deduce 
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therefrom  the  full  reasons  for  the  presence  or  absence  of  a  given  species 
on  the  various  sites  were  so  far  from  satisfactory  that  the  need  for  con¬ 
trolled  experiments  to  indicate  the  comparative  reactions  of  the  several 
species  has  long  been  apparent.  The  amount  accomplished  in  this 
line  is  not  insignificant,  and,  since  the  results  aid  very  materially  in 
interpreting  the  field  conditions,  we  have  chosen  to  present,  first,  all  of 
the  physiological  data  that  are  available.  In  other  words,  we  shall  first 
consider  the  manner  in  which  the  several  species  are  affected  by  more 
or  less  controlled  conditions  in  the  laboratory  or  greenhouse;  then,  per¬ 
haps,  we  may  weigh  more  precisely  the  importance  of  each  condition 
encountered  in  the  field,  and  especially  avoid  the  almost  universal  and 
inevitable  error  of  placing  reliance  upon  the  measurement  of  a  condition 
which  has  not  really  been  measured  or  expressed  in  the  proper  terms. 

Of  the  meteorological  records  which  are  used  in  this  report  the  larger 
share  have  been  obtained  by  the  Forest  Service  at  the  Fremont  Experi¬ 
ment  Station,  near  Manitou,  Colo.,  and  by  the  Weather  Bureau  and 
Forest  Service,  cooperating  in  an  intensive  project  at  the  Wagon  Wheel 
Gap  Experiment  Station,  near  Wagon  Wheel  Gap,  Colo.  It  has  been  the 
aim  to  conduct  the  meteorological  work  at  both  these  stations  on  a  high 
plane  of  accuracy,  with  equipment  as  complete  as  was  thought  necessary. 
At  both  places  the  observations  have  covered  elevations  from  the  station 
headquarters  at  about  9,000  feet  to  timber  line  at  11,000  or  12,000  feet. 
In  both  cases,  too,  soil  moisture  and  soil  temperature  data  have  been 
secured  during  most  of  each  period  of  atmospheric  observations. 

In  addition,  the  Forest  Service  has  equipped  and  operated  from  the 
Fremont  Station  three  subsidiary  stations  at  which  the  Weather  Bureau 
had  previously  started  the  usual  observations  of  precipitation  and  air 
temperature.  These  stations  were  manned  by  forest  officers,  and  a 
very  diligent  effort  has  been  made  to  obtain  continuous  records  for  them. 
The  stations  in  question  are  at  the  Monument  Nursery,  in  the  yellow  pine 
type  near  Monument,  Colo.,  at  the  Foxpark  Ranger  Station,  lodgepole 
pine  type,  at  Foxpark,  Wyo.,  and  in  the  Nebraska  sand  hills,  where  the 
planting  of  yellow  pine  and  jack  pine  has  reached  such  large  and  successful 
proportions.  The  first  station  is  only  about  20  miles  north  of  the  Fremont 
Station  and  for  all  practical  purposes  may  be  considered  as  belonging  in 
the  Pikes  Peak  altitudinal  series. 

Although  the  Weather  Bureau  records  of  precipitation  and  air  tem¬ 
perature,  secured  through  cooperative  observers,  were  available  for  a 
large  number  of  stations  in  the  region  covered  by  this  report,  and  many 
such  stations  are  within  the  mountain  forest  zone,  only  limited  use  has 
been  made  of  such  records,  and  for  the  following  reasons : 

(a)  Many  such  observation  points  are  situated,  with  the  small  towns, 
in  deep  valleys  where  the  conditions  met  with,  especially  those  of  air 
drainage  and  soil  composition,  are  not  at  all  the  conditions  of  the  adja¬ 
cent  forested  slopes.  In  fact,  nearly  all  such  valleys,  especially  if  they 
possess  a  distinct  flood  plain,  are  devoid  of  forest  cover,  and  to  use  their 
weather  records  in  this  study  might  lead  to  very  erroneous  conceptions 
though  the  temperature  conditions  alone  are  probably  not  responsible 
for  the  absence  of  forests. 

(b)  The  records  obtained  at  all  such  mountain  stations  are  only  those 
of  precipitation  and  air  temperature.  No  soil  data  whatever  are  secured. 

The  special  work  in  this  project  dates  from  January  1,  1910,  when  the 
control  station  at  Fremont  was  equipped.  Records  obtained  up  to  1918 
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have,  in  general,  been  employed,  the  summarizing  of  data  having  been 
started  at  that  time.  However,  some  records  particularly  needed  have 
been  added  since  1918.  The  period  of  operation,  as  well  as  the  equip¬ 
ment  of  the  several  other  stations,  is  given  under  the  respective  descrip¬ 
tions. 

method  op  study 

As  has  already  been  indicated,  the  primary  data  to  be  presented  in 
this  study  are  records  of  climatic  and  soil  conditions  in  different  forest 
types,  and  the  main  object  of  such  presentations  must  be  to  show  that 
differences  in  climatic  and  soil  conditions,  between  the  forest  types, 
either  do  or  do  not  exist  in  sufficient  degree  to  account  for  the  varying 
phenomena  of  occurrence  and  growth. 

Since  the  special  data  collected  by  the  Forest  Service  in  no  case  cover 
periods  long  enough  to  establish  the  “normal”  conditions  of  any  of  the 
forest  types  (and  by  this  we  mean  the  average  conditions  for  a  period 
of  at  least  10  years),  and  since  even  “normal”  conditions  as  established 
by  10  years  of  observation  are  certain  always  to  be  changed  by  the 
addition  of  further  records,  it  is  necessary  that  we  adopt  short-period 
records  as  a  basis  for  comparison.  Such  adoption  can  not  be  fraught 
with  any  serious  dangers  when  the  forest  types  to  be  compared  are  in 
the  same  general  locality,  that  is,  in  the  path  of  the  same  air  currents, 
storm  centers,  etc.  Any  considerable  separation  of  the  stations,  how¬ 
ever,  especially  in  a  rugged  mountainous  region,  is  likely  to  introduce 
temporary  variations  in  certain  conditions  which  are  not  “normal,”  and 
particularly  in  those  factors  which  are  most  directly  influenced  by  the 
paths  of  storm  centers.  Thus,  at  the  moment  of  writing  this  statement, 
it  appears  that  the  storm  centers  have  for  some  time  been  passing  con¬ 
siderably  to  the  north  of  the  Pikes  Peak  region,  giving  that  locality 
rather  unusual  westerly  winds  and  leaving  it  with  a  dearth  of  moisture, 
so  that  at  the  end  of  May  an  unprecedented  shortage  of  water  exists. 
Scarcely  100  miles  to  the  north,  unusually  large  accumulations  of  snow 
are  reported  at  the  same  moment.  Again,  the  moisture  factor  is  most 
variably  influenced  by  the  restricted  character  of  many  of  the  summer 
showers;  especially  are  the  heaviest  downpours  in  a  given  locality  likely 
to  affect  only  a  very  small  area. 

Temperatures  are  generally  not  so  directly  affected  by  local  conditions. 
Thus  the  month  of  December,  1917,  was  not  only  an  unusually  warm 
month  at  the  Fremont  Station  but  showed  the  same  character  over  a 
large  part  of  the  western  United  States,  and  January,  1918,  was,  like¬ 
wise,  generally  cold  to  an  unusual  degree. 

We  may,  therefore,  feel  safe  in  comparing  the  records  of  any  two 
near-by  stations  for  short  periods,  whatever  the  factor  under  considera¬ 
tion,  and  we  shall  demand  an  increasing  period  as  the  distance  between 
stations  increases. 

Fortunately,  the  dozen  or  more  stations  located  in  the  vicinity  of 
Fremont  all  come  under  the  same  general  influences.  This  is  true  of 
the  entire  area  from  the  plains  to  the  summit  of  Pikes  Peak,  with  the 
exception  that  summer  rains  frequently  fall  in  one  part  of  the  area 
without  wetting  other  parts.  Winter  snows  may  also  be  so  localized, 
but  usually  in  conformity  with  altitudinal  zones.  It  is  true,  two  stations 
not  100  yards  apart  may  on  a  given  day  have  temperatures  varying  by 
a  couple  of  degrees  in  one  direction  and  on  the  next  day  varying  in  the 
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opposite  direction.  Such  variations  from  a  consistent  relation  are,  how¬ 
ever,  always  small,  and  there  is  every  reason  to  believe  that  the  means 
of  a  single  month  usually  express  essentially  the  normal  temperature 
relation  between  two  stations  for  that  month  of  any  year. 

Therefore  the  method  of  study  and  the  method  of  presenting  results 
is  that  of  comparing  each  factor  for  any  station  with  the  corresponding 
factor  at  the  control  station  for  whatever  period  observations  may  have 
been  taken  at  the  outlying  station.  As  a  basis  for  this  comparison  we 
have  the  record  of  each  factor  at  the  control  station,  measured  with 
practically  no  variation  in  method  from  January,  1910,  to  date.  Excep¬ 
tion  should  be  made  here  to  the  measurement  of  evaporation,  in  which 
a  satisfactory  method  was  not  attained  until  1917. 

The  detailed  methods  of  taking  meteorological  observations,  so  far  as 
they  vary  from  the  standard  methods  of  climatologists  the  world  over, 
will  be  described  in  connection  with  each  condition  measured. 

REVIEW  OF  OTHER  WORK  ALONG  SIMILAR  LINES 

Although  much  systematic  ecological  study  has  been  attempted  in  the 
United  States  and  other  countries,  and  the  western  portion  of  our  own 
country  has  offered  an  especially  attractive  field  for  ecologists  because 
of  the  sharp  contrasts  in  vegetation  and  causative  factors  which  are 
found  in  relatively  small  areas,  still  the  main  field  with  which  foresters 
are  concerned  has  barely  been  scratched.  Several  studies,  which  might 
have  been  very  productive,  scarcely  satisfy  the  forester’s  requirements 
because  of  the  lack  of  long-term  records. 

Be  that  as  it  may,  a  number  of  authors  have  obtained  facts  and 
deduced  conclusions  as  to  the  distribution  of  our  Central  Rocky  Mountain 
forest  trees  which  we  can  not  afford  to  overlook.  No  attempt  will  be 
made  at  this  stage  to  introduce  these  facts,  which  may  better  be  men¬ 
tioned  in  connection  with  my  own  discussions  and  conclusions.  I  shall 
merely  list  here  the  works  which  have  a  direct  bearing  on  the  major 
problems,  and  with  no  attempt  to  cover  the  general  or  specific  physio¬ 
logical  studies. 

Clements  (7,  8,  10)  in  three  of  his  works  presents  many  valuable  ideas 
regarding  the  relation  of  Rocky  Mountain  vegetation  to  environmental 
conditions,  and  with  particular  reference  to  the  Pikes  Peak  region,  in 
which  much  of  his  investigation  has  been  conducted.  The  latest  of 
Clements’s  books,  “Plant  Succession”  (zo),  published  in  1916,  may  be 
said  to  cover  the  entire  ground  of  the  earlier  works,  bringing  all  of  his 
observations  under  one  comprehensive  theme,  namely,  the  changes 
which  occur  in  the  character  of  the  vegetation  of  a  given  area  as  the 
result  of  reactions  of  the  plant  forms  upon  the  environment  and  of 
gradual  changes  in  the  climatic  and  edaphic  (soil)  conditions. 

In  a  more  specific  work  Clements  (9)  gives  to  foresters  a  much  more 
concrete  idea  of  the  requirements  of  an  important  tree  species,  lodgepole 
pine,  with  lesser  data  on  its  common  associates. 

Ramaley  ( 16 ,  17),  working  near  Boulder,  Colo.,  and  in  the  deeper 
mountains  at  Boulder  Park,  has  likewise  made  numerous  observations 
on  the  forest  types  and  zones  of  Colorado.  His  papers,  however,  make 
no  claim  of  extensive  systematic  measurement  of  physical  factors  and 
hence  can  be  considered  as  having  only  suggestive  value  in  connection 
with  the  present  work.  In  both  of  the  papers  cited  the  theme  is  a  classi- 
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fication  of  Colorado  forests  according  to  moisture  conditions  and  com¬ 
position. 

Shreve  ( 24 ,  25),  working  at  the  Desert  Laboratory  at  Tucson,  Ariz., 
and  in  the  Santa  Catalina  Mountains  adjacent  thereto,  has  in  a  number 
of  papers  published  results  directly  bearing  on  the  subject  in  hand. 
“The  Vegetation  of  a  Desert  Mountain  Range”  is  the  most  comprehen¬ 
sive  of  these  papers  and  covers  most  fully  the  ultimate  problems,  beyond 
pure  climatology,  with  which  the  forester  is  concerned.  Although  the 
Santa  Catalinas  are  somewhat  different  from  the  Central  Rockies  in 
being  surrounded  by  desert  on  nearly  all  sides  and  in  having  a  different 
seasonal  distribution  of  rainfall,  yet  it  is  apparent  that  the  limiting 
factors  for  the  occurrence  of  a  given  species  must  be  essentially  the 
same  in  the  two  regions;  else  all  attempts  to  formulate  a  systematic 
ecology  would  be  vain.  These  factors  may  not,  it  is  true,  appear  quan- 
tatively  alike  under  present  methods  of  measurement,  but,  if  so,  we 
should  seriously  question  the  method  of  measurement. 

It  will  be  noted  that  in  the  papers  referred  to  Shreve  ascribes  the  main 
control  of  the  upward  extension  of  desert  plants  to  temperature,  and  in 
another  paper  (23)  he  has  quite  convincingly  shown  that  the  duration  of 
freezing  temperatures  is  all-importaift  with  plants  accustomed  to  the 
ordinarily  warm  winter  air  of  the  desert.  With  this  view  we  shall  have 
no  reason  to  take  issue.  The  other  main  conclusion,  that  lack  of  mois¬ 
ture  limits  the  downward  extension  of  the  forest  species,  individually 
and  collectively,  will,  it  is  believed,  be  found  subject  to  question  or  at 
least  modification. 

Robbins  ( 18 )  has  prepared  the  most  recent  and  complete  summary  of 
Colorado’s  climatic  conditions  in  relation  to  native  vegetation  and  agri¬ 
culture.  While,  as  stated  by  the  writer,  this  work  attempts  to  show 
only  a  qualitative  relation  between  climate  and  plants,  it  is,  neverthe¬ 
less,  excellent  both  in  the  data  systematically  presented  and  in  the  rela¬ 
tions  described.  For  the  most  part  these  relations  are  too  broadly 
stated  to  be  of  direct  assistance  in  the  present  study.  A  quotation  from 
the  discussion  of  the  freezing  of  plants  is  of  considerable  technical 
interest : 

It  is  a  familiar  observation  that  some  of  the  more  tender  plants  are  injured  by 
temperatures  above  the  freezing  point;  and  that,  on  the  other  hand,  there  are  many 
plants  that  may  withstand  temperatures  considerably  below  the  freezing  point.  This 
statement  may  apply  not  only  to  dormant  plant  parts,  but  to  swelling  buds,  open 
flowers,  and  forming  fruit  as  well.  The  plants  at  timber  line  and  above  are  subject 
to  freezing  temperatures  almost  every  night  in  the  year.  The  exact  nature  of  this 
immunity  to  low  temperatures  is  not  known . 

Weaver  (27)  in  1917  studied  the  desert-to-mountain  formations  of 
Washington  in  a  manner  not  unlike  Shreve’s,  and  ascribes  the  changes 
in  vegetation  mainly  to  increasing  soil  moisture  and  decreasing  evapora¬ 
tion  with  a  rise  in  elevation. 

Shantz  (20,  21)  has  dealt  with  problems  intimately  connected  with  the 
factors  limiting  the  downward  extension  of  the  Rocky  Mountain  forests. 
Particularly  is  Shantz’s  work  enlightening  to  foresters  in  the  thorough 
treatment  of  the  soils  problem.  He  has  made  it  plain  that  the  lighter 
soils  of  the  plains,  characterized  by  bunch  grass,  show  much  less  variation 
in  productivity  from  year  to  year  than  the  heavier,  loamy  soils  which 
develop  the  grama-buffalo-grass  association.  This  difference  is  due  to 
greater  penetration  of  both  moisture  and  roots  in  the  lighter  soil  as  well 
as  to  the  greater  availability  of  the  moisture  when  the  content  becomes 
low,  tending  to  encourage  slow  growth,  and  the  longer  lived  bunch  grass. 
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By  analogy  we  may  say  that  the  same  relation  exists  between  grassland 
or  sage  brush  and  the  lowest  type  of  forest,  commonly  called  “wood¬ 
land”  by  foresters,  since  it  is  obvious  that  there  can  be  no  important 
change  in  climatic  conditions  in  the  small  space  between  the  centers  of 
development,  and  that  the  development  of  the  forest  is  made  possible 
by  the  slight  soil  changes  resulting  from  elevation,  surface  erosion,  and 
leaching,  all  of  which  maintain  a  younger  soil. 

The  establishment  of  the  forest  experiment  stations  in  the  western 
United  States,  beginning  with  that  at  Flagstaff,  Ariz.,  in  1908,  gave 
unparalled  opportunity  for  the  collection  of  forest  and  climatological 
data  over  a  period  of  years.  As  a  result,  studies  similar  to  the  present 
one  have  been  initiated  in  Arizona,  California,  and  Idaho,  and  the  study 
of  forest  and  herbaceous  vegetation  has  been  carried  on  in  connection 
with  a  number  of  experiments  at  the  Utah  Station,  where  grazing  prob¬ 
lems  occupy  the  attention  first.  The  strictly  forest  studies,  however, 
are  for  the  most  part  not  yet  ready  for  publication. 

Pearson  (14)  at  the  Flagstaff  Station  early  investigated  the  effect  of 
yellow  pine  forests  upon  local  climatic  conditions,  by  securing  data  in 
the  forest,  the  edge  of  the  forest,  and  “parks”  (grassy,  meadowlike 
openings)  of  considerable  extent.  While  the  climatic  conditions  recorded 
by  Pearson  are  interestingly  compared  with  our  own,  this  study  can  not 
be  said  to  throw  very  much  light  on  the  conditions  governing  different 
forest  types. 

However,  Pearson  (75)  has  recently  made  available  the  results  of 
observations  at  a  series  of  stations  in  the  San  Francisco  Mountains,  in 
a  very  comprehensive  way,  and  we  shall  have  reason  frequently  to  com¬ 
pare  his  conditions  with  our  own. 

We  have,  similarly,  had  access  to  an  unpublished  report  by  Larsen  4 
on  the  conditions  of  Montana  and  Idaho,  which  has  been  extremely 
helpful  in  giving  comparable  data. 

The  problem  of  the  prairies  in  the  Middle  West,  and  their  physical  re¬ 
lation  to  the  occasional  forested  areas,  has  received  considerable  atten¬ 
tion,  and  this  problem  is  not  too  remote  from  our  own  entirely  to  lack 
interest.  On  this  subject  may  be  considered  the  work  of  Shimek  (22), 
who  concludes,  regarding  Iowa  conditions : 

1.  Exposure  to  evaporation  as  determined  by  temperature,  wind,  and  topography 
is  the  primary  cause  of  the  treelessness  of  the  prairies. 

and 

3.  Rainfall  and  drainage,  while  of  importance  because  determining  the  available 
supply  of  water  in  both  soil  and  air,  are  not  a  general,  determining  cause,  both  fre¬ 
quently  being  equal  on  contiguous  forested  and  prairie  areas. 

Shimek  also  dismisses  fires  as  a  cause  of  the  absence  of  forests.  It  is 
believed  that  the  later  conclusions  of  Weaver  and  Thiel  ( 26 ,  28),  with  ref¬ 
erence  to  Minnesota,  are  essentially  in  agreement  with  this.  The  point 
which  seems  to  have  been  overlooked  here,  and  in  all  similar  discussions, 
is  that  forests  occur  usually  on  the  slopes  of  ravines  or  on  hillsides,  where 
the  old  soil  is  being  rejuvenated  by  a  secondary  erosion  and  where, 
even  with  less  moisture  than  in  the  heaviest  soils,  the  availability  may  be 
greater.  Considered  from  this  angle,  the  occurrence  of  forests  in  the 
prairie  region  is  exactly  parallel  to  their  occurrence  on  the  first  mountain 
elevations  at  the  edge  of  the  plains. 


4  Larsen,  J.  A.  climatic  study  of  forest  types,  district  i.  U.  S.  Dept.  Agr.  Forest  Serv.,  unpub¬ 
lished  report,  1918. 
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It  will  be  fairly  evident  from  the  reading  of  the  few  treatises  which 
have  been  mentioned  that  the  region  under  discussion  has  not  been  neg¬ 
lected  by  ecologists.  It  will  be  equally  evident  that  there  is  still  room 
for  much  systematic  effort  in  the  study  of  the  environmental  factors  in 
order  that  the  theories  advanced  regarding  the  distribution  of  mountain 
forests  may  be  more  thoroughly  tested  by  well-established  facts.  The 
most  apparent  fact,  after  considering  all  of  these  regional  studies,  is  that 
so  far  ecology  has  given  the  physics  of  the  soil-moisture  problem  entirely 
inadequate  attention. 

II.  PHYSIOLOGICAL  STUDIES  LEADING  TO  AN  INTERPRETATION  OF 

THE  ENVIRONMENTAL  DATA 

It  is  quite  generally  recognized  that  the  result  of  studying  any  condi¬ 
tion  in  nature,  even  when  the  method  of  study  is  strictly  quantitative, 
should  not  consist  wholly  in  presenting  the  accumulated  facts  but  quite 
as  much  in  placing  a  logical  interpetation  on  those  facts.  In  the  present 
study  we  are  dealing  not  only  with  a  great  variety  of  natural  conditions 
which  require  quantitative  expression  but  with  a  variety  of  growing 
entities  whose  behavior  and  reaction  to  known  conditions  can  not  be 
determined  by  casual  observation.  For  example,  the  mere  fact  of  find¬ 
ing  a  spruce  tree  growing  at  the  water’s  edge  does  not  prove  that  the 
tree  uses  or  requires  an  unusual  amount  of  water,  much  less  that  it  is 
growing  in  that  particular  spot  primarily  because  of  the  moisture,  or 
even  indirectly  because  of  the  moisture.  It  would  be  as  logical  to  say 
that  because  the  aligator  spends  a  good  deal  of  his  time  in  the  water,  he 
must  drink  and  must  require  for  physiological  processes  an  extraordinary 
amount  of  water.  This  may  not  be  true  at  all;  he  may  be  a  most  abste¬ 
mious  animal. 

The  point  is  that  in  ecology  we  dare  not  take  the  conditions  of  growth 
as  prima  facie  evidence  of  the  requirements  of  growth,  even  though  it 
be  true  that  none  of  the  conditions  can  be  altered  without  affecting  the 
character  of  the  growth.  This  is  especially  true  when  we  are  compelled, 
as  in  the  present  instance  and  in  most  ecological  studies  so  far  made,  to 
speak  of  requirements  in  a  relative  rather  than  an  absolute  sense;  that 
is,  when  we  are  simply  trying  to  compare  the  requirements  of  several 
species  rather  than  determine  them  absolutely  for  any  species.  This 
may  be  illustrated  by  a  point  which  has  appeared  very  forcefully  in  the 
present  study.  Taking  the  superficial  appearance  of  soil  conditions  as  a 
measure  of  relative  requirements,  foresters  have  repeatedly  stated  that 
the  moisture  requirements  of  spruce  were  greater  than  those  of  yellow 
pine.  Now,  there  could  be  no  objection  to  saying,  and  probably  no 
error  in  saying,  that  spruce  requires  or  at  least  develops  best  in  a  fresh, 
moist  soil  of  high  water-holding  capacity.  This  would  be  an  absolute 
expression  which  would  simply  gain  in  accuracy  as  the  soil  conditions 
were  further  analyzed.  We  might  infer,  and  would  be  likely  to  do  so, 
because  of  the  character  of  the  soil  occupied,  that  spruce  must  use  a 
great  deal  of  water  in  its  development.  Such  an  inference  would  be 
unwarranted,  but  would  be  especially  dangerous  if  we  should  say,  com¬ 
paratively,  that  spruce  uses  more  water  than  pine.  Here  we  are  tread¬ 
ing  on  absolutely  unsafe  ground.  On  the  face  of  it  there  is  no 
scientific  basis  for  such  a  statement,  if  we  use  simply  the  evidence  of  the 
field  conditions  observed.  And  even  if  this  were  true  of  the  spruce 
forest  in  the  aggregate,  that  bespeaks  nothing  as  to  the  individual. 


43891—23 - 2 


io6 


Journal  of  Agricultural  Research 


Vol.  XXIV,  No.  a 


It  has  been,  therefore,  in  the  hope  of  partially  overcoming  the  inherent 
weakness  of  a  comparative  field  study  that  certain  observations  have 
been  made  under  laboratory  conditions,  permitting  a  better  knowledge 
of  the  trees  themselves,  hence  a  safer  interpretation  of  the  environmental 
conditions  which  surround  them  in  the  field,  and,  perhaps,  a  clearer 
conception  of  how  those  conditions  should  be  measured  in  the  future  to 
express  a  logical  relation  between  tire  environment  and  growth. 

For  the  most  part  these  special  observations  have  been  made  upon 
the  four  important  species  which  are  involved  in  the  field  study,  namely, 
western  yellow  pine,  Douglas  fir,  lodgepole  pine,  and  Engelmann  spruce. 
Two  other  species,  forest  “weeds,”  have  been  studied  to  some  extent, 
namely,  limber  and  bristlecone  pines  ( Pinus  flexilix  and  P.  aristata).  A 
few  observations  have  also  been  made  on  the  Lake  States  pines  and 
other  conifers  not  indigenous  to  the  Rocky  Mountains. 

In  the  interest  of  brevity,  some  details  of  the  conditions  of  these 
experiments  may  have  been  omitted  which  might  be  considered  as 
having  important  bearings.  Anyone  wishing  to  investigate  these  details 
will  be  given  all  possible  assistance. 

TRANSPIRATION  TESTS  IN  1917 

To  establish  the  water  requirements  of  some  of  the  Rocky  Mountain 
trees  in  the  same  terms  as  used  by  Briggs  and  Shantz  (6)  for  agricultural 
crops,  and  to  determine  the  relative  transpiration  rates  of  the  species 
as  a  basis  for  gauging  their  moisture  requirements  in  the  field,  transpira¬ 
tion  tests  were  conducted  in  the  greenhouse  of  the  Fremont  Experiment 
Station  for  a  period  of  about  six  months  in  1917.  The  experiment  was 
repeated  in  1920. 

It  should  be  recognized  at  the  outset  that  the  greenhouse  did  not  pre¬ 
sent  natural  conditions  for  the  growth  of  any  of  the  species,  the  air 
temperatures  being  higher  than  commonly  occur  except  possibly  in  the 
lowest  zone  of  the  region,  and  the  air  movement  considerably  less  than 
the  wind  which  would  occur  in  any  situation  out  of  doors.  For  these 
reasons,  though  we  may  speak  of  the  “absolute  water  requirements” 
of  the  trees  in  this  particular  test,  these  requirements  are  not  an  indication 
of  what  the  water  use  might  be  under  any  other  conditions;  and  it 
would  be  best,  as  Briggs  and  Shantz  have  done,  to  assume  only  that 
we  have  established  relative  requirements  of  the  several  species  for  one 
set  of  conditions.  These  relations  may  or  may  not  hold  good  under 
other  conditions.  Briggs  and  Shantz  found  that  relative  water  require¬ 
ments  of  different  species  did  not  vary  much  under  different  conditions, 
though  the  absolute  requirements  of  all  might  be  twice  as  great  during 
a  dry  season  as  during  a  moister  one.  Thom  and  Holtz  ( 26 )  found  that 
the  physical  conditions  might  vary  sufficiently  to  change  even  the  rela¬ 
tive  requirements  of  different  species,  but  their  more  important  result 
was  to  show  that  the  absolute  water  requirement  increases  with  the 
availability  of  moisture. 

It  would  appear  that  the  high  temperatures  and  low  wind  velocities 
occurring  during  these  tests  should  tend  to  stimulate  assimilation  rather 
more  than  transpiration,  so  that  the  absolute  water  requirements  here 
would  be  less  than  under  normal  field  conditions  for  any  one  of  the 
species.  This,  however,  may  not  be  true.  For  this  and  other  reasons 
appearing  later  it  is  difficult  to  compare  the  absolute  requirements  with 
those  of  agricultural  crops. 
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MATERIAL  STUDIED 

As  the  means  were  not  at  hand  for  treating  large  trees  in  the  inten¬ 
sive  manner  required  in  such  a  study,  efforts  were  confined  to  nursery 
specimens,  5  and  6  years  old  at  the  outset.  These  had  all  been  devel¬ 
oped  in  the  nursery  of  the  Fremont  Station,  with  practically  uniform 
soil  conditions  and  with  no  artificial  watering  except  as  small  seedlings, 
so  that  all  should  have  been  in  much  the  same  condition  at  the  outset. 

Two  specimens  each  of  yellow  pine,  Douglas  fir,  lodgepole  pine,  Engel- 
mann  spruce,  limber  pine,  and  bristlecone  pine  were  taken  for  potting, 
while  a  third  specimen  of  each  was  taken  at  the  same  time  for  drying, 
in  order  that  the  initial  dry  weight  of  the  specimens  to  be  grown  might 
be  computed.  This  drying  and  all  other  dryings  required  in  these  studies 
were  done  in  hot  water  bath  or  controlled  hot  air  oven  at  a  temperature 
of  about  920  C.  and  without  vacuo. 

To  determine  the  initial  green  weights,  and  also  the  green  weights 
at  the  close  of  the  test  period,  each  tree  was  washed  to  remove  adhering 
soil  particles,  whipped  vigorously  through  the  air  to  remove  free  water, 
and  placed  immediately  on  the  scales.  After  this  the  potting  was  accom¬ 
plished  as  soon  as  possible. 

The  initial  weights  varied  from  7  to  14  gm.  and  heights  from  3  to  6 
inches,  the  spruce  being,  on  the  whole,  best  developed  for  its  age.  No 
measurements  other  than  weights  were  taken  at  the  outset.  At  the 
end  of  the  test  period  the  green  weights  were  taken ;  each  tree  was  photo¬ 
graphed  to  scale,  as  shown  in  Plates  1  to  3;  measurements  were  made 
to  determine  the  mean  needle  dimensions  of  each  tree  and  the  ratio  of 
surface  to  volume  (the  whole  volume  having  been  determined  by  im¬ 
mersing  the  top  in  water  to  the  root  collar) ;  finally  the  remains  were 
oven  dried,  and  later  the  dry  material  was  reduced  to  ash  in  a  porcelain 
dish  over  a  Bunsen  flame. 

From  the  volume  displacement  and  needle  dimensions  we  are  enabled 
to  compute  the  area  of  leaf  surface  in  each  case,  with  a  very  consider¬ 
able  but  general  error  on  account  of  the  stem  volume  included.  This 
will,  at  least,  give  some  basis  for  comparison  with  other  experiments  in 
which  the  leaf  surface  is  the  basis  for  calculations  of  water  loss.  Because 
of  the  great  inaccuracies  involved  in  the  method  and  the  practical  impos¬ 
sibility  of  applying  it  to  a  large  tree,  and  also  because  it  is  believed  that 
transpiration  is  so  largely  controlled  by  the  area  exposed  to  insolation 
and  the  consequent  total  absorption  of  radiant  energy,  we  have  also 
used  another  basis  for  expressing  leaf  area,  which  we  shall  call  “  leaf 
exposure.”  This  is  obtained  from  the  tree  photographs,  which  are 
against  a  background  of  cross-section  paper,  by  estimating  the  propor¬ 
tion  of  each  square  inch  which  is  obscured  by  the  foliage.  This  method, 
if  carefully  followed,  gives  reasonably  consistent  results,  except  in  cases 
like  tree  No.  8,  in  which  the  focus  is  bad. 

It  is  seen  that  the  “leaf  exposure”  could  not  be  more  than  one-third 
of  the  whole  leaf  surface,  and  owing  to  a  great  deal  of  overlapping  of 
needles,  as  well  as  elimination  of  stem,  the  data  in  this  case  compare 
generally  on  a  basis  of  about  1  to  6.  But  with  the  limber  and  bristle- 
cone  pines,  whose  foliage  is  very  compact,  the  ratio  is  more  nearly 
1  to  10. 

SOIL 

For  potting,  open-topped  galvanized  cans  were  used,  4  inches  in 
diameter  and  10  inches  deep.  No  drainage  openings  were  made  in  the 
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cans;  but,  to  encourage  aeration  of  the  soil,  a  2-inch  florist’s  pot  was 
inverted  in  the  bottom  of  each  can,  and  a  glass  tube  one-eighth  inch  in 
diameter  was  so  bent  and  placed  that  its  lower  end  opened  into  the  pot 
and  its  upper  end  just  above  the  rim  of  the  can.  This  tube  served  for 
supplying  the  necessary  water  and  was  at  all  times  left  open  for  aeration 
of  the  soil.  It  is  believed  that  the  amount  of  vaporization  through  the 
tubes  was  insignificant,  though  no  control  tests  were  made  at  the  time. 
We  are  enabled  to  approximate  the  loss  from  this  source  by  the  observa¬ 
tions  in  1920.  However,  in  1917,  the  soils  were  never  allowed  to  become 
greatly  heated,  the  potting  cans  being  placed  in  similar  cans  having 
diameters  of  6  inches,  so  that  the  sun  never  shone  on  the  lower  portions 
of  the  pots. 

Before  weighing  and  potting,  each  tree  was  trimmed  so  that  the  longest 
roots  would  not  be  cramped  in  the  can.  The  longer  roots  were  spread 
around  the  porous  pot  in  the  bottom  of  the  can,  and  the  others  were  placed 
as  the  pots  were  filled,  so  as  to  be  evenly  distributed  throughout  the  soil. 
When  the  cans  were  all  filled  to  within  a  half  inch  of  the  tops,  they  were 
sealed  with  a  2  to  1  mixture  of  paraffin  and  vaseline,  which  held  very  well 
throughout  the  season  in  spite  of  occasional  melting. 

The  soil  used  was  a  specially  prepared  loamy  sand  of,  granitic  origin, 
containing  considerable  humus  derived  mostly  from  leaves  of  limber 
pine  and  Arctostaphylos  sp.  Both  sand  and  humus  were  sifted  through 
one-eighth-inch  screen.  The  resultant  mixture  was  what  would  ordi¬ 
narily  be  considered  a  good  potting  soil.  It  was  thought  to  be  desirable 
to  insure  an  abundance  of  nutrient  material,  and  there  is  no  reason  for 
supposing  that  this  was  overdone. 

None  of  the  soil  placed  in  the  pots  was  oven-dried,  but  a  weighed 
amount  of  air-dried  soil  was  used  in  each,  and  during  the  process  of 
potting  several  samples  were  taken  for  the  purpose  of  determining  the 
moisture  content.  The  net  oven-dried  weight  for  each  pot  was  then 
computed. 

The  saturation  capacity  of  the  soil  used  was  originally  determined  to  be 
about  40  per  cent,  and,  in  accordance  with  Kiesselbach’s  (12)  finding 
that  transpiration  occurs  most  freely  when  the  soil  is  about  half  saturated 
and  the  theory  of  Hilgard  ( 11 )  that  half  saturation  permits  the  desired 
aeration,  20  per  cent  moisture  was  adopted  as  the  standard  at  which  the 
soil  would  be  kept.  Later  it  was  found  that  with  greater  compactness 
this  saturation  might  be  much  less,  and  after  centrifuging,  as  low  as  25.8 
per  cent.  However,  the  figure  31.9  probably  applies  most  nearly  to  the 
condition  of  the  soil  in  the  pots.  The  corresponding  capillarity  was 
28.2  per  cent,  and  the  moisture  equivalent  at  100  gravity  was  11.05  Per 
cent,  using  the  term  in  the  same  sense  as  it  is  used  by  Briggs  and  Shantz 
(5)  for  the  water-holding  capacity  under  a  force  of  1000  gravity. 
The  mean  wilting  coefficient  was  determined  in  1920  to  be  3.47 
per  cent  for  Douglas  fir  and  3.91  per  cent  for  spruce,  or  an  average  value 
of  3.69  per  cent.  On  this  basis,  and  assuming  that  the  20  per  cent 
maximum  moisture  was  evenly  distributed,  we  should  have  as  the  avail¬ 
ability  20  2q  ^=o-8i6.  It  is  more  probable  that  the  moisture  within 

reach  of  the  roots,  at  the  bottom  of  each  pot,  was  25  per  cent  or  more, 
making  the  availability  at  least  0.850. 

Table  I  shows  all  of  the  fundamental  data  regarding  the  trees,  the 
amounts  of  soil  used,  and  the  gross  weight  of  the  pots  as  they  were  main¬ 
tained  throughout  the  season. 


Table  I.- — Description  and  condition  of  trees  used  in  transpiration  measurements 
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PROCEDURE 

The  trees  were  taken  from  the  nursery  and  potted  about  April  15,  1917. 
From  that  time  until  April  26  they  were  kept  in  a  warm  room,  without 
sunlight,  to  encourage  root  growth  and  establishment  in  the  soil.  On 
April  26  the  cans  were  first  brought  to  standard  moisture  content,  and 
measurements  of  transpiration  losses  were  begun.  From  that  date  to 
June  3  they  were  kept  in  the  window  of  a  warm  room,  where  they  received 
light  for  only  a  few  hours  each  day.  The  pots  were  frequently  but  not 
regularly  shifted  in  position. 

On  June  3  they  were  placed  on  a  revolving  table  in  the  greenhouse, 
where  they  remained  until  the  close  of  the  test  on  November  14,  with 
the  exception  of  one  day  out  of  doors.  This  table  was  handled  in  several 
ways,  the  power  available  for  rotating  it  at  the  outset  being  inadequate. 
At  first  a  small  motor  was  used,  the  motor  being  cut  in  each  minute  for  a 
period  of  a  second  or  more,  so  as  to  give  the  table  a  fraction  of  a  revolu¬ 
tion.  For  several  short  periods  the  table  wras  turned  by  hand,  a  quarter 
revolution  about  once  each  hour.  A  water  motor  was  finally  used,  which 
for  a  time  kept  the  table  revolving  continuously.  This,  however,  seemed 
to  have  a  theoretically  objectionable  feature  in  that  the  trees  were 
constantly  passing  from  light  to  shadow,  in  a  very  unnatural  manner. 
The  driving  belt  was  therefore  arranged  so  as  to  move  the  table  a  perim- 
etral  distance  of  about  6  inches  each  minute,  or,  say,  a  complete 
revolution  in  about  25  minutes. 

The  pots  occupied  the  periphery  of  the  4-foot  table,  various  types  of 
evaporimeters  being  placed  between  them.  Within  this  circle  was 
placed  an  air-and-soil  thermograph,  the  arm  of  the  air  register  being 
shaded,  while  the  soil  bulb  was  blackened  and  so  placed,  with  its  long 
axis  horizontal,  as  to  receive  as  much  sunlight  as  the  trees.  With  the 
assistance  of  maximum  and  minimum  registering  air  thermometers  and 
a  thermometer  attached  to  the  blackened  bulb  of  the  soil  thermograph, 
there  were  thus  recorded  both  air  temperatures  and  “sun”  temperatures. 
In  addition,  a  psychrometer  was  used  during  the  morning  observation 
each  day,  giving  a  rough  indication  of  prevailing  vapor  pressures. 

The  most  important  question  of  procedure,  of  course,  concerns  the 
method  of  determining  water  losses.  As  shown  by  Table  I,  each  pot  had, 
at  the  outset,  a  known  gross  weight  when  its  soil  contained  20  per  cent  of 
moisture.  The  aim  was  to  keep  the  moisture  to  this  standard  by  replac¬ 
ing  losses  each  day.  It  was  only  necessary  to  determine  the  amount  of 
water  required  to  bring  the  pot  up  to  standard  weight  in  order  to  record 
the  loss  for  the  preceding  period.  This  was  accomplished  by  placing 
the  pot  on  one  pan  of  the  scale,  the  standard  weights  on  the  other  pan, 
and  filling  from  a  titrating  burette  until  a  balance  was  reached.  The 
amount  drawn  from  the  burette  was,  therefore,  the  measure  of  the  loss. 
The  measurements  of  transpiration,  it  is  thus  seen,  were  actually  volu¬ 
metric,  even  though  scales  were  used.  This  introduced  no  error  worth 
considering,  as  the  temperatures  at  the  observation  hours  varied  scarcely 
at  all  from  about  50°  F. 

The  burette  was  graduated  to  o.  1  cc.  The  scales  were  barely  sensitive 
to  0.1  gm.  under  the  usual  load  of  4,000  gm.  However,  errors  from  this 
source  should  be  compensating.  Whenever  the  filling  was  carried  too 
far,  as  not  infrequently  happened,  the  overload  was  determined  and 
allowed  for,  and  also  carried  to  the  record  for  the  next  period. 
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All  observations  were  made  in  the  early  morning  and  before  sunlight 
had  reached  the  trees,  and  when,  therefore,  the  transpiration  rate  would 
be  almost  at  its  minimum.  The  order  of  measurements  was  invariable, 
and  the  time  rarely  varied  more  than  15  minutes  from  the  standard. 

Now,  in  fact,  though  it  has  been  stated  that  the  plan  was  to  maintain 
standard  moisture  in  each  can,  it  is  readily  seen  that  the  moisture  was 
most  of  the  time  below  standard.  The  extent  of  the  ordinary  depressions 
was  very  small.  The  largest  single  loss  between  fillings,  15 7.1  gm., 
would  mean  a  moisture  content  at  the  end  of  the  period  of  13.9  per  cent, 
or  a  depression  of  6. 1  per  cent.  The  average  periodic  loss  of  the  heaviest 
water-user  was  23.76  gm.,  and  the  average  depression  below  standard 
moisture,  therefore,  only  0.93  per  cent.  This  average  depression  would 
reduce  the  availibility  of  the  moisture  only  from  the  approximated  value 
0.852  to  0.846. 

On  the  other  hand,  the  distribution  of  the  moisture  from  top  to  bottom 
of  each  pot,  as  shown  by  examination  at  the  end  of  the  tests,  was  not  all 
that  might  be  desired.  The  lowTest  inch  of  soil  was  practically  saturated, 
and  above  this  the  moisture  decreased  so  that  just  below  the  paraffin 
the  soil  was  only  freshly  moist.  In  spite  of  this,  rootlets  had  penetrated 
to  all  sections  of  the  soil.  It  seems  evident  that,  except  with  the  most 
extreme  depletion  noted,  there  was  probably  within  reach  of  the  longest 
roots  at  all  times  practically  saturated  soil. 

The  atmospheric  conditions  of  the  greenhouse,  as  has  been  stated,  were 
not  such  as  would  occur  naturally  in  any  of  the  sites  where  these  species 
grow.  At  times  the  ventilators  were  kept  closed  and  the  air  temperatures 
were  allowed  to  go  as  high  as  they  would  with  full  sunlight.  At  other  times 
the  ventilators  were  opened  and  all  possible  draft  was  developed;  and, 
of  course,  under  these  conditions  the  air  of  the  greenhouse  did  not  become 
so  warm.  Again,  sunlight  was  excluded  on  certain  days  to  see  what 
effect  this  would  have  on  transpiration  rates.  On  two  or  three  occasions 
when  cloudy  weather  prevailed,  an  interval  of  2  or  3  days  was  allowed  to 
elapse  between  measurements,  since  the  losses  were  very  small.  On  two 
occasions  when  the  writer  was  not  there  to  make  the  measurements,  the 
intervals  were  considerably  longer,  the  trees  being  shaded  by  canvas  for 
the  entire  period. 

No  apparent  injury  resulted  from  the  high  temperatures  in  the  green¬ 
house,  except  to  tree  No.  4,  Douglas  fir.  On  June  24,  which  was  a  clear 
day  of  exceptionally  low  humidity  and  high  evaporation  rate,  two  of  the 
newly  formed  shoots  on  this  tree  wilted  and  did  not  recover.  Neverthe¬ 
less  the  tree  continued  to  function  properly.  The  other  Douglas  fir 
(No.  3)  followed  No.  4  very  closely,  but  after  the  first  of  September 
showed  a  gradual  descrease  in  its  response  to  transpiration  stimuli  and 
when  unpotted  was  found  to  be  deficient  in  new  root  growth.  In  the 
normal  trees  it  appeared  that  many  of  the  root  tips  had  continued  growth 
to  the  end  of  the  season,  while  in  this  one  growth  had  evidently  ceased 
much  earlier. 

Tree  No.  10,  limber  pine,  at  the  end  of  the  season  showed  very  short 
growing  tips  on  the  roots,  indicating  that  root  development  had  been 
very  sluggish  or  had  started  very  late.  This  sluggishness  is  doubtless 
related  to  the  small  weight  accretion. 
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RESULTS 

The  amount  of  transpiration  for  each  tree  during  each  period  of  the 
study  from  April  26  to  November  14  has  been  tabulated,  and  it  is  found 
that  the  tree-to-tree  relations  hold  very  closely,  from  day  to  day,  in  spite 
of  great  variations  in  the  environmental  conditions.  It  is  not  relevant  to 
present  purposes  to  present  the  detailed  data.  In  Table  II  the  trans¬ 
piration  by  months  is  given  and  the  tree  performances  are  summarized. 
In  correcting  for  the  loss  of  water  directly  from  the  soil,  the  amount  of 
107  gm.  for  the  season  has  been  arrived  at  by  considering  the  daily  loss 
the  same  as  in  1920.  While  in  1917  the  pots  were  more  fully  protected 
from  the  sun,  yet  considerably  higher  air  temperatures  were  attained,  so 
that  this  allowance  seems  justified  and  can  hardly  be  enough  in  error 
appreciably  to  affect  the  results. 


Table  II. — Summary  of  transpiration  in  the  test  of  1917 
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Percentage  of  the  transpiration  of  all  the  trees. 
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Water  Requirements 

This  term,  as  used  by  Briggs  and  Shantz  (6),  denotes  the  units  of 
water  used  by  a  plant  for  the  production  of  a  unit  of  dry  plant  material. 

The  first  computation  in  the  lower  section  of  Table  II  gives  corre¬ 
sponding  data  for  the  small  trees  whose  transpiration  has  been  meas¬ 
ured.  Averaging  the  results  for  each  pair  of  specimens,  we  find  the 
species  arranging  themselves  according  to  Table  III.  In  this  table  the 
use  per  unit  of  green  weight  is  also  given,  since  the  green-weight  accre¬ 
tions  were  directly  measured,  whereas  the  original  dry  weights  were 
obtained  indirectly,  as  explained. 


Table  III. — Water  requirements a 


Species. 

Water  used  per  unit  of — 

Dry-weight 

accretion. 

Green- weight 
accretion. 

Limber  pine . 

Gm. 

1, 947  (678) 

L  555  (8) 

1,  no  (94) 

954  (41) 

684  (8) 

525  (68) 

Gw. 

35s  (49) 
366  (52) 

350  (26) 

237  (6) 

276  (50) 

176  (14) 

Yellow  pine . 

Bristlecone  pine . 

Lodgepole . 

Douglas  fir . 

Engelmann  spruce . 

“  The  probable  error  in  the  average  of  two  figures  is  indicated  by  the  quantity  in  parentheses. 


Considering  only  the  first  column  of  figures,  it  is  seen  that  the  prob¬ 
able  error  in  the  averages  is  large  in  two  or  three  cases,  and  especially 
so  with  limber  pine,  so  that  this  species  might  possibly  belong  after 
yellow  pine  in  the  list.  In  fact,  considering  that  it  is  the  specimen  of 
high  water  requirement  (Tree  io,  2,750)  which  showed  at  the  end  of  the 
season  evidence  of  lack  of  vigor,  it  seems  altogether  probable  that  the 
normal  or  true  water  requirement  of  limber  pine  should  be  gauged  by 
the  lower  figure.  Also,  from  the  fact  that  No.  10  was  at  the  beginning 
a  larger,  probably  more  succulent  specimen,  we  may  quite  confidently 
place  this  species  on  a  par  with  bristlecone  pine. 

No  other  change  in  the  order  of  arrangement  is  indicated  as  probable 
by  the  variations  in  the  first  column.  However,  examining  the  second 
column  of  the  table,  it  is  seen  that  the  requirement  of  Douglas  fir  is 
greater  than  that  of  lodgepole.  But,  again,  it  is  the  Douglas  fir  speci¬ 
men  of  higher  water  use  (No.  3,  335)  which  behaved  abnormally,  its 
activity  apparently  almost  ceasing  before  the  end  of  the  season,  so  that 
we  must  incline  toward  leaving  Douglas  fir  in  the  position  indicated  by 
the  first  column  of  figures. 

We  shall  not  attempt  here  to  discuss  the  cause  of  these  variations, 
though  that,  too,  is  most  interesting  and  will  be  at  least  partially  clari¬ 
fied  later. 

It  must  be  recognized  that  the  relative  water  requirements,  or  ability 
to  make  growth  with  a  given  volume  of  water,  while  having  a  direct 
bearing  on  the  relations  of  two  or  more  species  which  compete  with  each 
other,  may  tell  very  little  as  to  the  ability  of  a  tree  of  a  given  species 
to  withstand  the  drought  or  wind  exposure  of  a  given  site.  The  water 
requirements  no  doubt  explain  in  some  degree  the  gradual  suppression 
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and  crowding  out  of  yellow  and  limber  pines  by  fir  or  spruce,  the  similar 
elimination  of  lodgepole  when  spruce  seriously  competes  with  it.  The 
water  requirements  may  explain  certain  things  which  we  have  habitu¬ 
ally  ascribed  to  presence  of  or  lack  of  shade  “tolerance.”  But  it  does 
not  necessarily  mean  that  yellow  pine,  for  example,  might  not  resist 
transpiration  and  survive  under  rather  rigorous  conditions  where  no 
question  of  relative  growth  rate,  was  involved. 

Resistance  to  Transpiration 

To  obtain  a  better  idea  of  relative  resistance  to  transpiration  we  should 
consider  the  water  losses,  under  equal  conditions,  as  related  to  plant  mass 
leaf  area,  or  leaf  exposure.  In  Table  IV  the  data  are  summarized  on 
each  of  these  bases,  but  the  species  are  arranged  in  the  order  indicated 
by  the  relative  transpiration  per  unit  of  leaf  exposure. 


Table  IV. — Water  losses  per  unit  of  leaf  area  and  plant  mass 


Seasonal  water  loss  (grams). 

Species. 

Per  square  centimeter  ol  leaf. 

Per  gram 

Surface. 

Exposure. 

mean  green 
weight. 

Yellow  pine . 

34-  5  (3-  ) 

23. 6  (0) 

21.2  (0.7) 

18.  0  (2.  8) 

16.  8  (0.  3) 

■5.8  (3-») 

160 

128 

Lodgepole . 

4.  90 

Bristlecone . 

2.  03 

Limber  pine . 

ZI9 

81 

Douglas  fir . 

Englemann  spruce . 

1.  99 

130 

- - - 

XIS 

On  the  basis  of  the  transpiration  per  unit  of  leaf  exposure  (which  is 
believed  to  be  the  safest  basis  we  have)  or  per  unit  of  mass,  the  order  of 
arrangement  is  essentially  the  same  as  in  Table  III.  It  is,  perhaps,  sig¬ 
nificant  that  the  four  important  forest  trees,  yellow  pine,  lodgepole, 
Douglas  fir,  and  spruce,  appear  in  the  same  order  as  in  the  preceding  table, 
while  limber  pine  and  bristlecone  pine  have  moved  to  positions  just  below 
lodgepole.  Taking  the  data  at  face  value,  let  us  consider  for  a  moment 
what  these  qualities  of  limber  and  bristlecone  pine  must  mean.  In  the 
first  place,  it  has  been  seen  that  these  species,  which  are  admittedly  very 
adaptive  “weed”  trees,  use  considerable  water  without  making  much 
growth.  In  the  second  place,  we  see  that  relative  to  their  leaf  area  or 
whole  mass  they  use  very  little.  In  other  words,  they  are  in  some  way 
adapted  to  protect  themselves  from  water  loss,  but  along  with  that  adap¬ 
tation  perhaps  as  a  result  of  it,  they  have  very  meager  ability  for  making 
rf 6  -  t.  r  ln  ph°t°synthesis.  It  is  readily  seen  how  this  may  happen. 

If  either  of  these  trees,  accustomed  to  growing  on  bare  sites  where  there 
is  no  competition,  has  adapted  itself  through  reduction  in  the  number  and 
size  of  its  stomata,  moisture  loss  is  reduced  and  the  ingress  of  carbon 
dioxid  is  likewise  reduced.  If,  again,  as  the  writer  has  sometimes  noted 
the  needles  are  closely  appressed  for  the  purpose  of  mutual  protection 
then  moisture  is  saved  at  the  expense  of  Die  full  insolation  of  each  leaf, 
the  same  might  be  the  result  of  thickened  epidermis  or  heavy  palisade 
tissue.  It  thus  appears  that  almost  any  adaptation  for  the  conservation 
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of  water  must  result  in  inefficiency  in  photosynthesis,  and  it  might  possibly 
be  stated  as  an  axiom  that  a  weed  is  a  plant  which  through  protective 
adaptations  is  facultative  for  a  variety  of  environmental  conditions  but 
which  for  the  same  reasons  is  incapable  of  making  a  standard  rate  of 
growth. 

The  impression  is,  then,  obtained  that  yellow  pine,  lodgepole,  Douglas 
fir,  and  spruce  are  resistant  to  transpiration  in  almost  the  same  degree  as 
they  are  capable  of  making  use  of  water  for  their  development,  and  that 
none  of  them  possess  any  special  adaptations  for  preventing  water  losses 
which  interfere  with  growth.  The  cause  for  the  differences  between  the 
several  species  should,  thep,  be  sought  in  those  internal  conditions  which 
may  determine  their  photosynthetic  capacities  and  the  behaviors  of 
their  cell  contents  as  solutions,  as  was  done  by  Salmon  and  Fleming 
(19)  in  the  study  of  the  winter  hardiness  of  grains. 

Before  turning  to  that  subject,  however,  which  will  be  considered 
under  the  heading  “Sap  density,”  the  transpiration  rates  should  be  fur¬ 
ther  analyzed. 

Periodic  Transpiration 

In  Table  II  the  transpiration  of  the  trees  by  months  hais  been  shown, 
with  the  amount  for  each  tree  expressed  as  a  percentage  of  that  for  all 
the  trees.  From  these  data  it  may  be  observed  that  only  a  few  of  the 
trees  maintained  stable  positions  with  respect  to  the  whole.  The  greatest 
significance  of  this  is  to  indicate  that,  if  the  growth  could  have  been 
measured  for  shorter  periods,  the  relative  water  requirements  might  not 
have  been  the  same  as  those  for  the  whole  season. 

Comparing  the  transpiration  at  the  beginning  and  end  of  the  season 
(April  to  June  against  October  to  November),  it  is  found  that  the  species 
may  be  arranged  in  the  following  order,  those  which  show  the  greatest 
relative  increases  being  placed  first:  Yellow  pine,  limber  pine,  spruce, 
bristlecone,  Douglas  fir,  and  lodgepole.  Lodgepole  and  Douglas  fir 
show  actual  decreases. 

If  we  should  eliminate  trees  3  and  10,  which  were  apparently  affected 
by  some  unknown  factor,  it  would  scarcely  change  the  relations  of  the 
species. 

These  data  at  least  indicate  that  the  internal  conditions  which  control 
transpiration  are  variable  and  probably  are  affected  by  the  building  of 
new  tissue,  accumulation  and  distribution  of  carbohydrates,  and  other 
changes  which  may  occur  in  a  season’s  growth. 

Response  of  Transpiration  to  Light  and  Air  Movement 

The  variations  of  each  tree  during  the  season,  as  shown  above,  almost 
preclude  the  possibility  of  determining  the  responses  of  the  species  to 
the  different  environmental  conditions  which  were  produced  from  day  to 
day,  since  such  comparisons,  to  use  the  available  data,  must  include 
days  during  all  parts  of  the  season. 

Taking  as  a  standard  for  each  species  the  days  during  the  season  when 
there  was  no  ventilation  in  the  greenhouse  and  when  the  total  iecorded 
sunlight  was  in  excess  of  400  minutes  per  day,  it  is  found,  as  shown  by 
Table  V. 

1.  That  for  days  having  from  almost  none  to  400  minutes  of  sunlight, 
with  other  conditions  equal,  all  the  species  show  about  60  per  cent  of 
the  transpiration  for  a  standard  day. 
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2.  With  bright  diffuse  light,  such  as  might  penetrate  the  canvas  cur¬ 
tains  on  a  sunny  day,  the  transpiration  varies  from  2 1  per  cent  of  standard 
for  lodgepole  to  32  per  cent  for  yellow  pine  and  Douglas  fir. 

3.  With  dull  diffuse  light,  as  on  cloudy  days,  the  percentages  vary 
from  1 7  per  cent  to  23  per  cent  of  standard'.  Though  lodgepole  shows  at 
all  stages  the  greatest  depression  from  the  lack  of  sunlight,  it  is  hardly 
safe  to  say  that  this  is  a  specific  character. 


Table  V .—Response  of  various  species  to  different  conditions  of  light  and  air  movement 


Species. 

Conditions. 

ber  of 
days. 

Yellow 

Doug- 

Lodge- 

Engel- 

Limber 

Bristle- 

pine. 

las  fir. 

pole. 

mann. 

pine. 

pine. 

Average  transpiration  (cubic  centimeters  per 

day,  standard),  no  ventilation,  over  400 
minutes  sunshine . 

21.  82 

0  13-  59 

19. 84 

9.  62 

13-  22 

Proportionate  transpiration: 

No  ventilation,  less  than  4C0  minutes 

sunshine . 

T  T 

.  62 

•  54 

, 

No  ventilation,  bright  diffuse  light . . 

19 

7 

•32 

.  26 

•31 
.  18 

•59 

No  ventilation,  dull  diffuse  light 

•  17 

•  25 

.  18 

Some  ventilation,  over  600  minutes  sun- 

shine,  temperature  over  75°  F 

I.  08 

1*35 

.98 

1. 18 

1. 18 

Some  ventilation,  over  600  minutes  sun- 

shine,  temperature  under  750  F 

I.  02 

.86 

1. 11 

1. 10 

Some  ventilation,  400  to  600  minutes  sun- 

L_L2 

shine,  temperature  over  75  °  F 

7 

1.  27 

I.  40 

1.  08 

1.  41 

i-  23 

Some  ventilation,  400  to  600  minutes  sun- 

shine,  temperature  under  75°  F 

I.  06 

I.  19 

•99 

•94 

1.  02 

Some  ventilation,  less  than  400  minutes 

sunshine,  temperature  over  70°  F 

10 

1. 00 

I.05 

I.  06 

.90 

I.  00 

•99 

Some  ventilation,  less  than  400  minutes 

sunshine,  temperature  under  70°  F 

8 

•  59 
.  21 

.58 
.  28 

.  64 
.  28 

•63 
.  28 

•57 
.  29 

Some  ventilation,  diffuse  light 

5 

•3i 

°  Only  tree  No.  4  used,  account  seasonal  change  in  No.  3. 


4-  With  ventilation,  the  transpiration  of  all  species  is  increased  over 
that  without  ventilation,  other  conditions  being  about  the  same.  The 
amount  of  ventilation  in  the  greenhouse  was  not  sufficient  to  produce 
striking  changes.  The  exposure  of  the  trees  outdoors  for  one  day  did  not 
materially  increase  the  transpiration  rate,  temperatures  being  considered. 

Finally,  since  the  specific  responses  are  subject  to  the  seasonal  changes 
already  noted,  we  may  examine  the  results  expressed  by  the  total  tran¬ 
spiration  of  the  12  trees  during  each  day  or  longer  period. 

An  attempt  has  been  made  to  relate  this  to  the  vapor  deficit,  or 
differentia]  between  the  atmospheric  vapor  pressure  and  the  saturation 
pressure  conceived  to  exist  within  the  leaf,  as  determined  by  mean  tem¬ 
peratures.  For  the  latter  there  is  available  either  the  air  thermograph 
record  or  the  “sun”  thermograph  (blackened  bulb)  record.  The  latter 
seems  preferable  in  theory,  but  the  record  is  not  very  trustworthy  because 
of  very  large  corrections  in  the  instrument  as  used  during  most  of  the 
season.  This,  together  with  the  fact  that  atmospheric  vapor  pressures 
were  determined  only  in  the  early  part  of  each  period  (9  a.  m.)  and  at 
its  end  (7  a.  m.),  makes  the  computation  of  vapor  deficits  the  roughest 
approximation.  In  addition,  it  becomes  evident  that  tire  leaf  tempera¬ 
tures  (and  saturation  pressures)  should  not  be  considered  as  equal  to 
the  black-bulb  temperatures,  but  more  nearly  equal  to  what  the  wet 
bulb  of  the  psychrometer  would  show  synchronously.  As  the  psychro- 
metric  data  are  not  sufficient  even  to  approximate  the  mean  wet-bulb 
temperatures,  the  results  of  “sun  temperature”  computations  alone  will 
be  shown.  Recognizing  that  transpiration  at  night,  because  of  the  lack 
of  sunlight,  is  in  a  different  category  from  that  during  the  day  and 
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should  be  given  much  less  weight  in  the  total,  the  general  scale  of  tempera¬ 
tures  has  been  raised  by  computing  the  daily  means  as  follows:  The  12 
hourly  temperatures  from  7  a.  m.  to  6  p.  m.,  inclusive,  are  added  to  the 
temperatures  at  8  p.  m.,  12  m.  and  4  a.  m.,  and  the  total  is  divided  by  15. 
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Fig.  i. — Transpiration  in  relation  to  saturation  deficits  in  1917.  Numbers  opposite  circles  give  month 

and  day  of  observation. 

In  figure  i  the  results  of  such  computations  of  vapor  deficit  for  84 
periods  during  the  season  of  operations  are  plotted  with  the  daily  tran¬ 
spiration  sums.  The  basic  data  will  not  be  tabulated,  since  it  is  volumi¬ 
nous  and  has  no  precise  value.  Instead,  the  general  character  of  each 
period  is  indicated  by  symbols  on  the  diagram.  The  mean  curve  which 
may  be  obtained  from  the  84  points  is  only  suggestive  in  showing — 
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1.  That  for  a  given  saturation  deficit  a  wide  variation  is  possible  in  the 
amount  of  transpiration  induced.  It  is  believed,  however,  that  this  is 
largely  the  result  of  insufficient  data  for  computing  both  saturation 
pressure  in  the  leaf  and  atmospheric  vapor  pressure. 

2.  Air  movement  increases  transpiration  somewhat  more  than  has  been 
allowed  by  the  computations,  which,  in  fact,  made  no  allowance  for  this 
factor  except  as  it  might  influence  the  depression  of  the  psychrometer 
wet  bulb. 

3.  The  amount  of  sunlight  is  not  the  cause  of  much  variation  in  the 
results.  If  anything,  the  use  of  black-bulb  temperatures  has  made  a 
little  too  much  allowance  for  sunlight  effects;  or,  in  other  words,  the 
plants  are  not  quite  so  strongly  affected  by  light  as  is  the  black-bulb 
temperature. 

4.  The  transpiration  rate  (average)  is  quite  proportionate  to  vapor 
deficits  until  the  former  approaches  a  daily  amount  equal  to  the  total 
weight  of  the  plants,  when  transpiration,  apparently,  does  not  quite 
keep  up  with  saturation  deficits. 

5.  The  transpiration  at  the  end  of  the  season  is  less  than  in  the  earlier 
months,  days  of  like  valuations  being  compared.  The  size  of  the  plants, 
of  course,  increased  during  the  season,  but  the  increase  in  leaf  area  was 
almost  wholly  during  the  first  month.  It  seems  safe  to  say  that  old  leaf 
tissues  do  not  permit  as  much  transpiration  as  young  tissues. 

6.  The  physical  control  of  transpiration  and  the  lack  of  plant  control 
is  fairly  evident,  though  by  no  means  proved. 

TRANSPIRATION  IN  1920 

.  The  striking  differences  between  the  species,  indicated  by  the  transpira¬ 
tion  rates  in  1917,  both  on  the  basis  of  growth  accretion  and  relative 
leaf  areas  or  leaf  exposures,  called,  first,  for  a  reasonable  explanation  of 
the  temporary  circumstances  which  produced  such  results,  and,  secondly, 
for  a  repetition  to  determine  whether  similar  relations  of  the  species 
might  hold  with  new  and  different  material  and  whether  either  the 
absolute  or  relative  water  requirements  might  be  different  under  more 
natural  environmental  conditions. 

The  first  need  had  been  definitely  pursued  in  the  interim,  and  the 
second  was  fulfilled  during  the  summer  of  1920.  In  repeating  the  trans¬ 
piration  tests,  it  was  especially  sought  to  have  as  large  an  assortment  of 
plant  material  as  could  be  adequately  dealt  with. 

MATERIAL  STUDIED 

Twenty- three  pots  of  plants  were  used,  compared  with  the  12  in  1917. 
Of  these  one  containing  a  large  yellow  pine  failed  early  in  the  season. 
An  additional  pot  without  trees  served  to  measure  the  possible  direct 
water  loss  from  the  soil.  In  a  number  of  cases,  two  or  three  specimens 
were  handled  as  one  in  a  single  pot,  in  order  to  give  a  better  average 
result.  (See  Plates  4  to  6.) 

The  limber  and  bristlecone  pines  and  a  single  large  spruce  specimen 
were  from  the  same  lots  of  stock  which  were  drawn  upon  in  1917,  having 
been  in  the  Fremont  Station  nursery  during  the  interval.  The  remaining 
trees  were  all  younger  stock  grown  in  the  same  nursery,  and  mainly  of 
fairly  definite  origin  as  to  seed.  Where  possible  a  variety  of  seed  sources 
was  represented  in  the  selections  for  each  species,  in  order  to  determine 
the  possibilities  of  variation  between  geographic  forms  of  the  same  species. 

The  data  on  the  trees  used  are  given  in  Table  VI. 


Table  VI. — Source,  size,  growth,  and  condition  of  trees  in  1920  transpiration  test 


Journal  of  Agricultural  Research 


Vol.  XXIV,  No.  » 


> 

be 

.2 

'5 

a 


X 

c 


3 

x 


x 


be 

a 

a 

S 


X 

a 


o  ° 


•3^ 

^  aj 


6  cj  d  a  , 

&5  si 

£  a  ^ 


—  3 

ca  oj.o 
3-3  4J 
rt  u 

w  2  o 
o  B  g. 
£-3  2 

<  ^ 


*3  i— • 
u  qj 
3  > 

S 


3 

*d 

4)  — ■ 

•O  g 

3  £ 

5  >. 

"•§ 

<D  l/) 
I—  03 
CJ  a 

X  u 

£ 

3  be 

PP 


N  HCO  Ifl 


'S'  ^ 


—  .2 
*rt  OJ 

3  M 


C/2  « 
£ 


O 


00  00  00 


g  f'MoO  O  «00 


(j  O  (OIAO 


I 


Cl  M 

I 


>, 

H-o 


O 


o 

H 


(J  6.00  A  ci 


CJ  W  N  N 


M 

CO 


T  1  cj 

-  C’S  w 

*3*0  w  £ 


>  3 

14  a 


<n  O  w 


O'  to 

oJ  o 


*3  3  w  1  TJ  <y 

r!  •*->  *-.  •  -■  o  O  CJ  cj 
CJ^oiT3cj  q,  +j 


.  <3  rn  rf  O 

S?  ■'t  T*  M  f-> 

^  cd  r^-vo  <3 


M  O 

c 


M  O 
00  O'  ci 


ci  tJ-  ci  cl  rj- 

M  CS 


i.  o 

-  c-d 
•S.B.S 

a  u  t- 


't  "t  O  N  os  00  so 

Oi  0  O  N  >1  O  N 

**)  ro  M-  CO  Tt  Tj- 


00  00 
Tf  O’ 
'3- 


't  H-  T  s*  00  00 

■'f  C  Os  O'  O' 

^3"  ■'t  CO  to  N  N 


2  3 
p  « 
1-° 


3  -3 

CJ  r3 

CJ  <2X1 

J a 
O  > 


*->  Tf 

rf  cJ 
vO  fO 


I  fcS’g 

g-0 


CC  N  N  N  M 


W  '!f  ^  00 


T> 

3 


a 

1/2 


03 

Q 

w 


P  6  ::.2o  o 

pis3§<S"<S 


oj  s. 

.2  t 

c.  3  W  <u 

££  H 

offi  pq 


3  ..  cj- 
«ug 
>-<3'd 
S!  w  >> 

p  ^  rt 

pH  "tiff 

3^ 

O 

Q 


•  •  o 

oj  Q  *->  - 

-2  -.2  3"  &  u 


o 

u 

v£ 

— 1  o  'n  OT3  o  1/1  O 
7'°  rt  ««  o  oj 
>  .  V  oJ  2‘3  3  W 
01 
g.^ 

h4Pn 


u  . 

„  57  qj  2  "a?  3 
p  jO  p  jd  ^ 


m2  -2 


cj  01 


3 
C  3 


..  3 

h  ^  • 
3  O  O 

A=0 


•Ig 


^  03  ,2,  p  V, 

o  ow  o  2  h 

H  'rt 

xp 

T J  W  3 

0  3  3 


g  o  6  g  g  d  § 

2  3Q.3  ^  n  —■ 

0  ^  M  a  «  w  a 


■  3 


3 

W 


+j 

<A 

« 


"S5 


so 

w  Q 

W5 

3 


►Q 

cJ3 


Apr.  14,  1933 


Physiological  Requirements  of  Rocky  M ountain  Trees  1 2 1 


SOIL 

The  soil  in  which  the  trees  were  potted  was  nearly  the  same  as  that 
used  in  19x7.  There  had  been  added  to  the  original  soil  a  somewhat 
more  clayey  sand  of  granitic  origin,  so  that  in  1920  we  find  a  greater 
water-holding  capacity,  a  slightly  lower  moisture  equivalent,  and  a  third 
higher  wilting  coefficient.  The  data  on  the  1920  soil  are: 

Per  cent. 

Saturation .  ,5  46 

Capillarity . 31.'  02 

Moisture  equivalent .  IO  42 

Wilting  coefficient  (average  for  spruce  and  yellow  pine) .  4.  88 

It  was  planned  to  carry  about  12  per  cent  moisture,  and  to  prevent  the 
saturation  of  the  lowest  stratum  of  the  soil  by  injecting  the  daily  supply 
of  water  near  the  surface.  The  feed  tube,  then,  instead  of  opening  into 
the  inverted  clay  pot  at  the  bottom  of  the  can,  was  bent  about  2  inches 
below  the  surface  and  opened  into  the  soil  near  the  center  of  the  can. 
Aside  from  this  the  potting  arrangement  was  the  same  as  in  1917. 

The  12  per  cent  moisture  would  constitute,  in  the  average  of  the  22 
cases,  284.4  gm.  °f  water.  At  the  outset,  however,  the  average  pot  was 
given  528.8  gm.  of  water,  in  order  to  create  a  very  favorable  condition. 
In  the  average  case  this  supply  lasted  much  longer  than  had  been  antici¬ 
pated  and  was  not  brought  down  to  standard  until  after  July  1,  so  that 
during  the  first  two  months  the  moisture  conditions  were  by  no  means 
uniform. 

Finally,  beginning  September  3,  the  water  content  was  gradually 
reduced,  until  on  September  27  it  was  70  gm.  below  the  standard,  or  in 
the  average  case  amounted  to  9.05  per  cent.  This  change  was  designed 
to  simulate  the  usual  autumn  drying  of  the  soil. 

We  thus  have  the  following  average  conditions  in  the  several  pots, 
comparing  with  a  mean  availability  of  about  0.850  through  the  entire 
season  of  1917: 

May  II,  528-8  gm.  =  22.31  per  cent  =  availability  0.780;  decreasing  to 
284.4  gm-,  or  12  per  cent,  about  July  x  =  availability  0.594;  reaching 
September  27,  214.4  gm-,  or  9.05  per  cent  =  availability  0.461. 

It  is,  therefore,  seen  that  in  the  osmotic  sense  the  conditions  for  ready 
absorption  of  the  water  were  far  less  favorable  in  1920  than  in  1917. 

PROCEDURE 

The  procedure  in  handling  the  pots  was  in  minor  details  almost  the 
same  as  in  1917.  On  the  other  hand,  as  has  been  mentioned,  they  were 
not  under  glass  but  under  a  canvas  cover  which  was  raised  during  the 
entire  day  except  when  showers  occurred,  permitting  unmodified  sunlight 
to  reach  the  trees  and  also  allowing  much  freer  air  circulation,  the 
primary  effect  of  which  was,  undoubtedly,  to  prevent  the  occurrence  of 
excessive  temperatures.  While  the  extreme  sun  temperatures  recorded 
were  not  materially  lower  than  in  1917,  the  air  temperatures  were  scarcely 
above  those  outside  the  shelter  and  were  very  much  lower  than  in  1917, 
when  they  averaged  6°  F.  higher  than  the  outside  air. 

The  revolving  table  on  which  the  pots  were  exposed  was  nearly  5  feet 
in  diameter  and  made  a  revolution  every  two  hours. 
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RESULTS 


Amount  of  Transpiration  Compared  with  1917 


The  first  point  to  be  noted  in  Table  VII  is  that  the  amount  of  transpira¬ 
tion  in  1920  was  very  much  less  than  in  1917. 

On  the  basis  of  mean  green  weight  it  was  42.4  gm.  in  1920,  as  compared 
with  123.0  in  1917.  On  the  basis  of  leaf  exposure  it  was  8.81  gm.  in  1920, 
as  compared  with  20.6  in  1917.  For  leaf  area  we  have  no  data  in  1920.  It 
is  evident,  however,  that,  considering  the  amount  of  water  used  in  rela¬ 
tion  to  size  of  trees,  the  transpiration  was  only  one-third  to  two-fifths 
as  great  in  1920  as  in  1917.  This  may  be  accounted  for — - 

1.  By  a  season  of  only  about  147  days  for  the  average  tree  in  1920,  as 
compared  with  203  days  in  1917. 

2.  By  reason  of  much  lower  air  temperatures  in  1920. 

3.  By  reason  of  considerably  less  sunshine  in  1920,  but  especially  the 
lack  in  June,  when  the  driest  atmosphere  usually  prevails.  The  following 
data  for  whole  months  give  the  sunshine  in  recorded  minutes : 


1917.  1920. 

May .  8,622  9,598 

June .  15,807  8,903 

July .  12,932  11,310 

August .  10,496  11,704 

September .  10,442  11,695 


Total .  58,299  53,2io 

It  is  also  probable  that  on  account  of  the  arrangement  of  the  room  the 
trees  received  a  smaller  percentage  of  the  total  sunshine  in  1920. 

4.  The  water  of  the  soil  was  less  readily  obtainable  in  1920. 


Table  VII. — Actual  water  losses  and  transpiration  in  relation  to  size  and  growth  in  IQ2Q 


Species. 


Pot  No . 

Transpiration: 

May  11  to  31 . 

June . 

July . 

August . 

September . 

October  (to  day  indicated) . . 

Total  for  season . 

Correction,  direct  evaporation . . 

Net  transpiration . 

Transpiration: 

Grams  per  gram  weight  ac¬ 
cretion — 

Green . 

Dry . 

Grams  per  gram  mean  green 

weight . 

Grams  per  square  centi¬ 
meter  leaf  exposure . 


Yellow  pine. 

Douglas  fir. 

22 

1 

18 

15 

17 

IO 

7 

51*  5 

52.8 

35-6 

66.  2 

83. 0 

10S.  9 

112.  0 

109.  0 

112.  0 

102.  7 

144.  6 

III.  4 

122  9 

134.0 

132.4 

163. 1 

236.4 

280.  0 

117.  6 

162.  6 

149-  0 

161.  2 

236.  8 

338. 2 

492.  7 

130.  3 

180.  0 

177.0 

i5i-4 

292.  8 

313-0 

509-4 

130.9 

190.3 

181.  8 

(7) 

(8) 

(8) 

(7) 

(8) 

(s) 

(6) 

31-  6 

80.  5 

73-  7 

105.9 

47.8 

32. 1 

39-  7 

637- 1 

939-0 

1, 099.  6 

1, 598-  8 

621.  0 

796.  8 

793-  5 

79-  4 

79.  6 

79.6 

79-4 

79.6 

77-7 

79.0 

557-  7 

839.4 

1, 020.  0 

I7  5I9-4 

541-4 

719.  1 

714-5 

715 

231 

185 

151 

501 

345 

564 

592 

615 

514 

302 

506 

992 

26.  1 

41.  8 

56.8 

67-3 

19. 1 

21.  6 

32.  I 

6-5 

10.  1 

9-  5 

14.  2 

00 

ro 

5-  1 

5-o 
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Table  VII. — Actual  water  losses  and  transpiration  in  relation  to  size  and  growth  in 

IQ20 — Continued 


Species. 


Pot  No . 

Transpiration: 
May  11  to  31. 

June . 

July . 

August . 

September. . . 


October  (to  day  indicated) . . 

Total  for  season . 

Correction,  direct  evaporation . . . 

Net  transpiration . 

Transpiration: 

Grams  per  gram  weight  ac- 
cretion — 

Green . 

Dry . 

Grams  per  gram  mean  green 

weight . 

Grams  per  square  centi¬ 
meter  leaf  exposure . 


Lodgepole  pine. 


Engelmann  spruce. 


3 

23 

24 

9 

19 

12 

II 

64. 5 

83-  7 

94-  5 

125-9 

93-  5 

99- 

6 

181.8 

154.  8 

246.  6 

243.  2 

177-3 

143-3 

127. 

9 

3 27-  7 

196.3 

548. 3 

607.  1 

212.  1 

149-  4 

194. 

1 

607.  8 

394-  0 

726.  0 

923.6 

341-  3 

240.  s 

272. 

S 

S94. 5 

,  1 

627. 5 

708.9 

363.6 

224.  8 

227. 

8 

926.  0 

1  (8) 

(6) 

(6) 

(5) 

(7) 

(5) 

(5) 

l  103-  1 

106.  8 

118.  7 

56. 2 

42.3 

29. 

8 

123.  8 

1,347-8 

2,338.9 

2,  696.  0 

1,276.4 

893.8 

951- 

7 

306.  6 

79.6 

79.  0 

79.  0 

77-  7 

79-4 

77- 

7 

77-  7 

I.  268.  2 

2.  259.  9 

2,  617.  0 

1, 198. 7 

814.4 

874. 

0 

2,983.9 

I48 

204 

195 

138 

162 

149 

140 

701 

802 

688 

45° 

431 

420 

494 

52-9 

0 

00 

66.  9 

74.  6 

103.  8 

86. 

1 

45-3 

11. 4 

19.  0 

IS- 4 

11.  6 

12.  O 

10. 

4 

10. 1 

Species. 


Pot  No . 

Transpiration: 
May  1 1  to  3 1 . 

June . 

July . 

August . 


September . 

October  (to  day  indi¬ 
cated)  . 


Total  for  season . 

Correction  direct  evaporation 


Net  transpiration . 

Transpiration: 

Grams  per  gram  weight 
accretion— 

Green . 

Dry . 

Grams  per  gram  mean 

green  weight . 

Grams  per  square  centi¬ 
meter  leaf  exposure . 


Limber  pine. 


16 

131-  2 

151.  2 

321. 3 

484. 4 


534-  4 
(8) 
132-  5 


»755-o 
79.  6 


1,675.4 


170 

773 


24.  4 

7.0 


21 

79.  2 
77.  2 
84. 1 
112.  9 


125.  2 
(7) 
31-4 


510.  o 
79-  4 


430.  6 


4.  785 
13-  5 
3-  6 


Bristlecone 

pine. 


8 

57-3 

i°5-3 

128.8 

132-  2 


108.  4 
(3) 

7-  1 


539-  1 
76.  o 


463.  1 


230 

317 


IS-  1 
3-  7 


74-3 
128.  1 
1 14-  5 
107-  5 


87.6 

(3) 

6.  7 


518.  7 
76.  o 


442.  7 

168 

434 

32.  o 

6-3 


Scotch  pine. 


13 

81.7 

149-  X 
183.  4 

194-  7 


212.  7 
(6) 
38.  2 


859.  8 
79.  o 


780.  8 

420 

409 

25.  6 

5-o 


39-  1 
121.  6 
231.  o 
416.  o 


w 

102.  I 


1,364-  5 
79.  6 


1,284.9 

191 

464 
52.  6 
11.  9 


Siberian  larch. 


71-9 
158.  I 
236.  2 
457-0 

(27) 

123.  5 


i ,  046.  7 

70.3 


976.  4 


243 

333 


94.0 
10.  o 


69.  2 
152.  8 
165.  6 
322.4 

(27) 
152-  8 


862.8 

70.3 


792.  5 


311 

257 


49-  7 

6.  o 


All. 


198 

522 

42.  4 

8.  81 


On  the  basis  of  the  growth  made,  the  transpiration  is  also  less  in  1920 
than  in  1917,  though  not  so  strikingly  so.  For  green-weight  accretion 
the  figures  are  198  and  263,  and  for  dry-weight  accretion  522  and  88o, 
respectively,  for  1920  and  1917.  In  other  words,  for  green-weight  accre¬ 
tion  it  required  75  per  cent  as  much  water  in  1920  as  in  1917,  and  for 
dry-weight  accretion  59  per  cent  as  much.  The  difference  between  these 
two  percentages  and  between  the  two  years  may  be  due  largely  to  the 
fact  that  very  little  foliage  falling  in  1917  was  salvaged  and  accounted 
for,  while  in  1920  this  was  carefully  done.  However,  it  is  believed  the 
amount  dropped  by  the  trees  in  1917  was  relatively  very  small  and 
insufficient  materially  to  affect  the  results. 

It  seems  fairly  evident  that  the  transpiration  per  unit  of  growth  is  a 
more  stable  quantity  than  that  per  unit  of  leaf  exposure  or  whole  mass, 
in  spite  of  the  fact  that  the  former  is  very  much  dependent  on  the  whole 
leaf  area  functioning. 
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Water  Requirements 

Comparing  now  the  species,  as  was  done  for  the  data  of  1917,  we  have 
them  in  1920  aligned  as  in  Table  VIII. 

Table  VIII. — ■ Comparison  of  different  species  as  to  water  requirement 


Species. 

Transpira¬ 
tion  per 
unit  of  dry- 
weight 
accretion. 

Probable 
error  in 
average. 

Timber  pine . 

Gm. 

Gm. 

850 

18 

Lodgepole  pine . 

**  l  /y 

Douglas  fir . 

600 

160 

5 

6 

Yellow  pine . 

Engelmann  spruce . 

0/ A 

Scotch  pine . 

436 

376 

Bristlecone  pine . 

Siberian  larch . 

T-y 

O'*5 

Resistance  to  Transpiration 

On  the  basis  of  leaf  exposures  we  have  a  very  different  arrangement 
(Table  IX). 


Table  IX. — Comparison  of  species  as  to  resistance  to  transpiration 


Species. 

Transpira¬ 
tion  per 
square 
centimeter 
leaf  expo¬ 
sure. 

Probable 
error  in 
average. 

Gm. 

Gm. 

Lodgepole  pine . 

IS-  27 

0.  49 

Engellmann  spruce . 

II.  12 

.  21 

Yellow  pine . 

10.  08 

.66 

Scotch  pine . 

8.  45 

2.  91 

Siberian  larch . 

8.  00 

1.  69 

Limber  pine . 

5-  3° 

1. 44 

Bristlecone  pine . 

5.  00 

I.  IO 

Douglas  fir . 

4-  63 

•39 

EXPLANATION  OF  RESULTS 

On  thorough  consideration  of  the  meaning  of  the  results  which  have 
been  given  above  for  both  1917  and  1920  tests,  we  come  to  the  conclusion 
that  neither  method  of  comparing  the  species  is  very  satisfactory  when 
the  number  of  individuals  involved  is  insufficient  to  cover  all  possible 
variations.  In  these  tests  considerable  variation  in  growth  rate  is  to 
be  expected  as  the  result  of  more  or  less  incomplete  recovery  from  trans¬ 
planting.  The  small  spruces,  for  example,  in  1920  showed  no  delay  in 
starting  new  growth;  the  single  large  spruce  came  on  satisfactorily  after 
considerable  delay;  one  large  limber  pine  grew  vigorously  while  the 
smaller  one  did  not  extend  its  terminal  or  branch  buds  over  one-fourth 
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inch  and  put  on  no  new  foliage.  None  of  the  Douglas  firs  grew  vigor¬ 
ously  in  1920  while  all  of  them  dropped  a  good  deal  of  their  old  foliage. 

The  water  requirements  and  the  rate  of  transpiration  per  unit  of  mass 
or  leaf  exposure  are  closely  interrelated,  it  will  be  seen,  for  the  following 
obvious  reasons : 

1.  New  shoots  undoubtedly  transpire  more  freely  than  old  foliage. 

2.  When  a  plant  is  not  growing  it  seems  to  transpire  relatively  little, 
either  because  it  can  not  obtain  the  water  or,  possibly,  because  it  has 
closed  its  stomata. 

3.  It  therefore  follows  that  the  amount  of  transpiration  per  unit  of 
mass  or  leaf  exposure  may  be  very  much  affected  by  the  amount  of 
growth  made. 

4.  And  it  is  equally  apparent  that  the  transpiration  per  unit  of  growth 
may  be  somewhat  dependent  on  the  total  amount  of  foliage  functioning, 
though  it  must  be  conceded  that  so  long  as  the  old  foliage  transpires,  it 
probably  is  also  capable  of  some  photosynthesis,  and  therefore  con¬ 
tributes  to  growth. 

The  important  point  is  to  recognize  that  an  extreme  case  of  poor 
growth  may  throw  the  specimen  very  high  in  one  list  and  very  low  in  the 
other  list  (for  example,  Pot  21  in  1920).  It  seems,  therefore,  only 
reasonable  to  eliminate  from  both  records  the  individuals  which  have 
apparently  not  performed  normally  in  the  matter  of  growth.  As  the 
basis  for  normalcy  is  so  meager,  we  can  not  bring  ourselves  to  the  elimina¬ 
tion  of  any  trees  except  one  limber  pine  in  1917  and  another  in  1920. 

On  the  other  hand,  what  is  true  of  individual  trees  affects  the  relations 
of  the  species.  Apparently,  small  spruces  are  capable  of  a  generally 
larger  accretion  percentage  than  similar  trees  of  our  other  native  species. 
As  has  been  pointed  out,  this  would  be  a  very  important  factor  in  com¬ 
petition.  Its  bearing  on  absolute  water  requirements  and  drought 
resistance  is  not  so  plain,  and  we  have  had  serious  misgivings  as  to  the 
desirability  of  comparing  the  species,  in  their  moisture  relations,  on  this 
basis.  Nevertheless,  it  is  fairly  apparent  that  a  high  growth  percentage 
m  itself  denotes  something  of  superiority  in  the  relation  of  the  tree  to 
its  environment.  ,  It  indicates  either  that  the  tree  has  some  peculiar 
ability  to  make  use  of  the  available  light  or  that  it  is  more  capable  than 
others  of  supplying  the  water,  or  the  carbon  dioxid,  in  just  the  right 
amount  to  make  photosynthesis  effective.  If  either  of  the  latter  is  a 
factor  in  the  result,  we  may  say  either  that  the  plant  has  superior  ability 
to  obtain  water  or  that  it  has  superior  ability  to  retain  it  while  keeping 
the  stomata  open  for  the  ingress  of  carbon  dioxid.  There  is  left,  there- 
fore,  little  doubt  in  our  minds  that  the  tree  of  low  "water  requirement” 
as  related  to  growth  is  in  fact  the  tree  which  has  the  superior  control  over 
its  water  supply. 

It  is,  therefore,  important  to  compare  the  species  on  the  basis  of  the 
growth  made,  in  order  to  understand  the  marked  differences  between  the 
absolute  transpiration  rates  in  1917  and  1920,  which  leave  the  relations 
of  the  species  so  confused. 

On  comparing  further  Tables  III  and  VIII,  it  is  seen  that  with  one  or 
two  exceptions,  namely,  yellow  pine  and  bristlecone  pine,  the  water 
requirements  as  determined  in  1917  and  1920  are  not  so  divergent  that 
we  need  hesitate  to  combine  them  to  obtain  more  effective  averages,  and 
it  seems  best  to  use  the  value  for  each  tree  in  obtaining  the  mean.°  There 
are  also  given  the  mean  growth  percentages  for  each  species.  In  figure  2 
the  general  relation  between  growth  rates  and  water  requirements  is 
plainly  shown— a  relation  that  seems  logically  unavoidable. 
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Fig.  a— General  relationship  between  water  requirements  and  growth  rates  for  all  species  in  1917  and  1920. 


Table  X. — Water  requirements  and  growth  in  IQ17  an(t  IQ20 


1917 

1920 

Aver- 

Aver- 

Species. 

Num¬ 
ber  of 
trees. 

Water 

require¬ 

ment. 

Growth 

percent¬ 

age. 

Num¬ 
ber  of 
trees. 

Water 

require¬ 

ment. 

Growth 

percent¬ 

age. 

water 

require¬ 

ment. 

growth 

percent¬ 

age.® 

Limber  nine . 

I 

Gm- 
I,  144 
954 
L  555 
1,  no 

7,1.  O 

46.  6 

I 

Gm . 
773 

7-  5 

Gm- 

95s 

19.  2 

Lodgenole  pine . 

2 

6 

73° 

27.  8 

786 

32-  5 

Yellow  pine . 

2 

32-  4 
31-  3 
64.  9 

75-  2 

8 

571 

25.  6 

768 

27.  O 

Bristlecone  pine . 

2 

2 

376 

i4-  7 

743 

634 

23.  0 

Douglas  fir . 

2 

684 

525 

3 

600 

11.  0 

32.  6 

Lngelmann  spruce . 

2 

9 

2 

441 
43  6 
295 

66.  4 
24.  6 

456 
43  6 

68.  0 
24.  6 

2 

83-5 

295 

83-5 

a  Dry  accretion  related  to  dry  weight  at  beginning  of  season. 


At  least  two  important  points  are  gained  by  the  combination  of  the 
1920  with  the  1917  data.  The  position  of  limber  pine,  as  the  least 
effective  user  of  water,  is  more  nearly  established,  and  lodgepole  pine  is 
brought  into  this  class,  where  our  empiric  estimates  would  place  it,  as 

we  shall  see  later.  .  „  , ,  „  . 

But  the  main  reason  for  presenting  the  growth  data  in  i  able  X  is  to 
explain  the  positions  of  the  species  as  given  in  Table  IX.  It  is  seen  that 
Engelmann  spruce  maintained  in  1920  almost  as  high  a  growth  rate  as 
in  1917,  and  this  explains  its  appearance  as  a  relatively  extravagant 
user  of  water  on  the  leaf-exposure  basis.  Conversely,  limber  pine  and 
Douglas  fir  both  appear  as  conservative  users  of  water  in  1920,  evi¬ 
dently  because  they  were  relatively  inactive. 
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In  combining,  then,  the  data  for  the  two  years  on  transpiration  per 
unit  of  leaf  exposure,  we  shall  not  lose  sight  of  the  fact  that  the  posi¬ 
tions  of  Douglas  fir  and  limber  pine,  at  least,  and  to  a  lesser  extent  that 
of  bristlecone  pine,  are  determined  by  relative  inactivity  in  1920,  and 
that  they  really  belong  higher  in  the  scale  than  here  shown.  There  are 
possible  means  of  making  allowance  for  this  influence  of  growth  activity 
on  the  total  transpiration,  but  they  are  so  purely  arbitrary  that  we 
hesitate  to  use  them. 


Table  XI. — Mean  resistance  to  transpiration,  1917  and  1920  ( growth  data  repeated  to 

explain  relative  positions) 


Species. 

Mean 
transpi¬ 
ration  per 
square 
centi¬ 
meter  leaf 
exposure. 

Mean 

growth 

percent¬ 

ages. 

Lodgepole  pine . 

Gm- 

32-  5 

Yellow  pine . 

/  ■  0  j 

14. 96 

Limber  pine . 

19.  2 

Bristlecone  pine . 

13. 10 
n.  97 

Engelmann  spruce . 

68.  0 
32.  6 

Douglas  fir . 

y* 

That  these  relations  of  the  species  are  not  fixed  and  might  easily  be 
modified  by  additional  data  or  consideration  of  different  climatic  varieties 
is  fairly  apparent  from  the  divergence  of  the  individual  results.  On  the 
same  basis  as  Table  XI,  the  three  lots  of  yellow  pine  studied  in  1920, 
each  of  which  maintained  a  healthy  condition  and  performed,  relatively, 
much  as  it  had  been  performing  in  the  nursery,  gave  the  following  results : 


Variety. 

Transpira¬ 
tion  per 
square 
centimeter 
leaf  expo¬ 
sure. 

Growth 

percentage. 

Harney,  S.  Dak . 

Gm . 

8- 3 

9-  5 
14.  2 

n.  7 

19-  s 

27. 0 

Bitterroot,  Mont . 

Tusayan,  Ariz . 

There  is  every  reason  to  believe  these  results  were  normal  and  express 
something  of  varietal  difference.  It  is  seen  that  the  high  growth  rate 
of  the  Arizona  form  was  accomplished  with  the  extravagant  use  of  water. 
Whether  this  is  generally  true  of  the  more  southern  forms  our  data  are 
inadequate  to  determine.  Rather  similar  differences  occur  with  lodge- 
pole  pine,  but  here  the  Wyoming  form  is  the  most  extravagant  and  rapid 
growing. 
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ABILITY  OF  THE  SPECIES  TO  OBTAIN  WATER 

A  very  considerable  amount  of  light  is  thrown  on  the  meaning  of 
Table  XI  and  our  other  discussions  by  considering  the  water  require¬ 
ments  of  each  species  in  1920,  with  the  considerably  less  abundant  water 
supply,  as  a  measure  of  the  ability  of  each  to  extract  water  from  the  soil. 
Thus,  in  comparing  Tables  III  and  VIII  it  was  particularly  noted  that 
bristlecone  and  yellow  pines,  which  in  1917  were  more  generous  users  of 
water,  in  i92o.took  very  low  positions  in  the  scale.  The  relative  changes 
are  indicated  in  the  following  table,  where  the  use  in  1920  is  expressed 
as  a  percentage  of  the  use  in  1917.  Only  the  better  growing  limber  pines 
are  considered.  Comparison  is  made  on  the  basis  of  Tables  III  and  VIII 
and  Tables  IV  and  IX. 


Species. 

Relative 
transpira¬ 
tion  in  1920. 

Species. 

Relative 
transpira¬ 
tion  in  1920. 

Engelmann  spruce . 

Per  cent. 
77.  2 

Limber  pine 

Per  cent. 

Lodgepole  pine . 

66.  2 

Yellow  pine.  . 

Douglas  fir . 

57-  6 

06’  0 
28.8 

In  some  degree  these  observations  are  corroborated  by  the  data  in 
Table  XII  in  which  is  shown  the  change  in  relative  transpiration  rates 
through  a  period  in  which  the  last  pot  listed  for  each  species  was  given 
additional  water.  For  the  periods  represented  by  September  28,  29, 
and  30,  the  water  in  each  pot  was  at  70  gm.  below  standard,  and  except 
for  the  one  pot  of  each  species,  the  same  amount  was  maintained  on 
succeeding  days.  On  the  morning  of  September  30  the  amounts  in  the 
special  pots  were  increased  50  gm.,  and  on  October  1  they  were  brought 
up  to  standard.  After  this,  they  were  not  again  watered  until  dried  out 
to  the  original  basis.  If,  then,  the  availability  of  the  water,  which  was 
thus  increased  from  about  0.461  to  0.594,  as  described  under  the  heading 
“soil,”  has  a  bearing  on  the  amount  transpired,  its  effect  should  in  all 
cases  be  apparent  in  the  transpiration  recorded  October  1  and  2.  In  the 
table  is  shown  what  was  the  prevailing  relative  amount  for  the  special 
tree,  compared  with  others  of  the  same  species  for  the  three  days  when 
water  contents  were  the  same.  The  relative  amount  on  October  2  is 
then  shown  as  a  percentage  increase. 

It  is  to  be  noted  that  after  October  2  the  relative  rates  of  the  specially 
watered  trees  steadily  declined,  and  in  some  cases  went  below  the  pre¬ 
vious  rates,  until  the  day  indicated  by  “W,”  when  the  first  fresh  water 
would  take  effect.  This  is  plainly  due  to  exhaustion  of  water  close  to 
the  roots  and  is  a  commentary  on  the  importance  of  transport  within 
the  soil. 


Table  XII. — Effect  on  transpiration  of  increasing  the  available  water 
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From  the  data  in  Table  XII  we  see  that  the  limber  pine  was  little 
stimulated,  probably  because  its  transpiration  is  always  moderate. 
The  spruce  was  still  less  affected,  apparently  because  it  is  always  able 
to  satisfy  its  needs.  Todgepole,  Douglas  fir,  and  yellow  pine  were  about 
equally  helped  and  seemed  greatly  invigorated.  The  relatively  high 
transpiration  of  the  fir  on  October  i  and  3  can  be  accounted  for  only 
by  an  error  in  weighing. 

To  a  certain  extent,  these  performances  may  be  accounted  for  by  the 
root  habits  of  the  trees.  It  is  possible  that  the  finely  divided  and 
numerous  roots  of  the  spruce  give  it  immediate  control  over  so  much 
more  soil  that  it  exhausts  the  available  water  much  less  quickly  than 
those  species  which  usually  develop  only  a  few  coarse  roots.  To  some 
extent  this  would  also  explain  the  ability  of  limber  pine  to  obtain  its 
water  more  steadily.  On  the  other  hand,  either  lodgepole  or  Douglas 
fir  ordinarily  has  much  better  roots  than  yellow  pine,  yet  these  three 
were  about  equally  stimulated  by  a  heavy  addition  to  the  water  supply. 

On  the  whole,  this  matter  is  only  suggestive  and  does  not,  we  believe, 
explain  the  relative  behavior  of  the  species.  That  Engelmann  spruce 
possesses  a  remarkably  great  ability  to  supply  itself  with  all  the  water 
that  is  needed  under  the  most’  trying  circumstances,  and  that  this 
ability  is  exceeded,  among  the  species  studied,  only,  possibly,  by  that 
of  Siberian  larch,  seems  proved  beyond  a  shadow  of  doubt.  This  is 
plainly  shown  in  the  day-to-day  records  where,  if  there  is  a  marked 
contrast  in  the  amount  of  sunlight  on  two  succeeding  days,  or  in  other 
conditions  conducive  to  high  transpiration,  it  is  the  spruce  which  is 
invariably  able  to  live  up  to  these  conditions  most  fully.  Thus  we  are 
enabled  to  say  quite  confidently  that  the  relatively  high  rate  of  tran¬ 
spiration  of  spruce  on  cloudy  days,  as  shown  by  Table  V,  truly  expresses 
an  ability  to  make  use  of  all  available  light  and  does  not  signify  that 
this  species  is  unable  to  meet  the  conditions  which  cause  high  trans¬ 
piration  from  all  the  species. 


SUMMARY 

It  has  seemed  desirable  to  go  into  this  matter  fully  on  account  of  the 
complicating  features  introduced  by  the  radically  different  results 
secured  in  1917  and  1920,  and  in  order  that  we  might  not  deceive  our¬ 
selves  as  to  the  true  meaning  of  the  results.  It  has  been  necessary  for 
us  to  go  through  with  this  analysis  in  order  to  reach  a  conclusion,  and 
it  is  hopeless  to  expect  the  reader  to  reach  a  conclusion  by  any  other 
process. 

It  now  becomes  fairly  apparent  that  transpiration  is  very  much 
dependent  on  water  supply  and  that  the  relatively  low  water  use  of 
some  of  the  species  in  1920,  when  the  water  supply  was  maintained  at 
a  low  level,  is  not  to  be  considered  as  a  virtue  but  rather  as  evidence 
of  a  lack  of  ability  to  supply  needs.  And,  even  though  in  some  cases 
growth  may  not  have  been  seriously  impaired  by  the  inability  of  certain 
species  to  keep  the  leaves  well  stocked  with  water,  yet  it  is  perfectly 
evident  that  the  species  which  show  this  inability  in  the  most  marked 
degree  would  soonest  succumb  in  time  of  real  drought  or  in  the  usual 
autumnal  drought  that  occurs  where  there  is  strong  competition. 

There  are,  apparently,  two  slightly  different  problems  to  be  considered 
in  comparing  the  species.  The  one  has  to  do  with  the  relative  require¬ 
ments  of  different  tree  species  of  a  unit  size.  The  other  has  to  do  with 
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the  amount  of  water  required  during  the  production  of  a  unit  of  growth. 
Both  relations  are  important  in  ecology.  But,  except  with  the  weed  trees, 
limber  and  bristlecone  pines,  we  have  found  no  essential  difference  in 
comparing  the  species  on  the  two  bases.  To  what  extent  a  low  water 
requirement  means  great  drought  resistance  we  shall  see  later.  Appar¬ 
ently  there  is  not  a  great  deal  of  difference  between  the  species  at  the 
minimum  water  point.  There  is  evidently  a  great  difference  in  their 
activity  or  vigor  under  better  conditions,  and  this,  perhaps,  is  the  most 
important  point  we  have  brought  out. 

The  important  consideration  is  that  the  additional  data  secured  in 
1920.  have  not  materially  altered  our  conception  of  the  physiological 
qualities  of  the  species,  which  are  best  indicated  relatively  by  Table  III. 
It  is  true  that  in  1920  lodgepole  pine  used  relatively  more  water  and  made 
less  vigorous  growth,  so  that  now,  by  either  Table  X  or  XI,  it  appears  as 
a  more  extravagant  demander  than  yellow  pine.  Likewise  Engelmann 
spruce  kept  up  its  rate  in  1920  more  nearly  than  Douglas  fir  and  hence 
appears  more  extravagant.  These  facts,  however,  merely  confirm  the 
belief  that  the  species  which  under  favorable  moisture  conditions  is  most 
conservative  is  best  able  under  all  conditions  to  satisfy  its  needs.  The 
reason  for  this  will  be  more  apparent  after  considering  sap  density  and  its 
osmotic  bearings. 

To  summarize,  briefly,  for  the  species,  what  it  is  believed  is  shown  by 
the  preceding  data  and  discussions: 

1.  Limber  pine:  Very  slow  growing,  but  also  very  conservative  in  the 
use  of  water.  Represents  highest  development  in  structural  protection 
against  atmospheric  conditions,  but  probably  poor  development  in  rela¬ 
tion  to  the  soil.  Not  adapted  for  competition. 

2.  Bristlecone  pine:  Not  quite  so  far  developed  as  limber  pine  in  any 
respect  mentioned. 

3.  Yellow  pine:  Relatively  slow  grower  and  has  little  protection 
against  losses;  consequently  from  either  standpoint  its  water  use  is  very 
high.  Shows  little  ability  to  cope  with  drought  conditions.  Arizona 
form  more  vigorous  and  equally  extravagant  of  water. 

4.  Lodgepole  pine:  More  rapid  grower  than  yellow  pine. 

5.  Douglas  fir:  Apparently  adapted  to  conserve  water  but  growth 
rate  not  nearly  equal  to  spruce,  possibly  being  in  these  tests  more 
adversely  affected  by  transplanting  because  of  the  relatively  long  roots, 
which  are  characteristic,  and  their  small  numbers. 

6.  Engelmann  spruce :  Most  highly  developed  of  our  native  species 
to  make  use  of  all  conditions  of  environment  in  vigorous  growth.  Is 
conservative  of  water  and  low  in  water  requirements  for  growth.  These 
characteristics  may  partly  explain  its  shade  tolerance  and  its  success  in 
competition. 

7.  Siberian  larch:  Although  little  studied,  seems  to  be  developed  even 
beyond  spruce  in  all  particulars. 

8.  Scotch  pine :  Stands  about  midway  between  our  pines  in  tran¬ 
spiration  rate  and  lower  than  any  of  them  when  growth  is  considered. 
Seems  to  be  developed  along  lines  of  spruce  and  fir  for  alpine  conditions. 
It  should  be  remembered  we  are  speaking  only  of  the  Riga  form. 

SAP  DENSITY  AND  THE  VARIATION  IN  TRANSPIRATION  RATES 

Sometime  before  the  transpiration  tests  which  have  just  been  described 
were  made  in  1917,  carefully  conducted  >  ying  tests  on  green  and  partly 
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dried  lodgepole  cones,  in  a  calorimetric  kiln,  had  clearly  demonstrated 
that  the  amount  of  heat  required  to  extract  a  gram  of  water  from  cones 
was  not  536  calories  but  an  amount  always  in  excess  of  that,  which 
increased  rapidly  as  the  amount  of  sap  in  the  cones  decreased  through 
preliminary  drying.  This  apparent  increase  in  the  latent  heat  of  vaporiza¬ 
tion,  it  was  thought  after  a  study  of  the  physical  chemistry  of  solutions, 
might  be  related  to  the  phenomena  of  rising  boiling  points  and  decreased 
vapor  pressure  with  increases  in  the  concentration.  Unfortunately,  no 
direct  experimental  work  on  this  problem  had  been  done,  so  far  as  I 
have  been  able  to  learn  to  date,  and  a  number  of  physicists  consulted 
agreed  that  in  their  interpretation  of  the  theory  of  solutions  a  solute 
could  not  increase  the  latent  heat  of  vaporization  of  the  solvent. 

The  writer,  in  the  most  dependable  tests  it  has  been  possible  to  make, 
has  found  that  at  the  respective  boiling  points  of  various  concentrations 
of  common  salt  in  water,  the  latent  heat  of  vaporization  decreased 
slightly  with  increased  concentration,  up  to  the  point  of  saturation. 
Making  allowance  for  the  higher  boiling  point  of  the  concentrated 
solution,  it  would  appear  that  for  a  given  temperature  the  latent  heat  of 
vaporization  was  practically  a  constant.  In  these  tests  an  electric 
immersion  heater  was  employed  for  the  heat  supply,  the  wattage  being 
precisely  measured ;  the  evaporation  was  directly  measured'  by  weighing 
the  solution;  and  allowance  was  made  for  direct  radiation  from  the  solu¬ 
tion  and  vessel. 

The  greatest  objection  to  these  tests,  or  to  any  that  we  have  so  far  been 
able  to  devise,  lies  in  the  difficulty  of  maintaining  a  constant  temperature 
with  a  constant  and  measurable  heat  supply,  at  a  relatively  low  tempera¬ 
ture  such  as  plant  tissues  may  experience,  and  also  at  a  relatively  low  tem¬ 
perature  such  that  the  radiation  factor  is  not  a  great  possible  source  of 
error.  Until  these  difficulties  are  overcome  we  can  hardly  say  that  the 
problem  of  the  latent  heat  of  vaporization  as  it  relates  to  plant  evapora¬ 
tion  has  been  satisfactorily  treated. 

On  the  other  hand,  it  is  a  fairly  simple  matter,  at  either  high  or  low 
temperatures,  to  determine  that  the  rate  of  evaporation  is  very  materially 
reduced  with  increase  in  concentration  when  the  source  of  heat  is  outside 
the  solution.  This  would  make  it  appear  that  there  may  be  a  problem  in 
conductivity  quite  as  important  as,  if  not  more  important  than,  that 
relating  to  latent  heats.  The  resistance  to  drying,  shown  by  rather 
concentrated  solutions  such  as  sirup,  is  quite  well  known.  As  an  illustra¬ 
tion  of  what  we  mean  by  heating  from  the  outside,  let  us  take  the  case 
of  two  identical  evaporating  dishes  placed  over  a  steam  bath.  The  steam 
is  constantly  in  contact  with  the  bottoms  of  the  dishes.  It  may  not, 
however,  give  up  its  heat  unless  the  surface  of  the  dish  is  being  cooled 
by  radiation  above  or  evaporation  of  the  liquid  in  the  dish.  Such  an 
exposure  can  not  possibly  give  any  indication  of  the  quantity  of  heat 
utilized  in  evaporating  from  the  dish. 

Under  such  circumstances  as  these  the  writer  found  the  evaporation 
from  a  saturated  salt  solution  to  be  less  than  one-twentieth  as  rapid  as 
that  from  pure  water. 

Similarly,  exposing  a  number  of  test  tubes  mainly  to  the  heat  of  the 
air  in  contact  with  them,  the  rates  of  evaporation  were  found  to  be 
depressed  by  somewhat  dilute  saline  and  sugar  solutions. 

Vessels  and  bottles  in  which  the  contents  have  been  heated  primarily 
by  the  rays  of  the  sun  have  not  shown  any  consistent  depression  of  the 
evaporation  rates  due  to  solutes. 
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The  available  facts,  then,  which  have  a  bearing  on  the  possible  influence 
of  sap  concentration  on  the  rates  of  evaporation  from  similar  bodies  are : 

1.  At  any  given  temperature  the  vapor  pressure  over  a  solution  de¬ 
creases  as  the  concentration  increases,  indicating  that  the  solution  does 
possess  a  stronger  hold  on  the  molecules  than  does  the  pure  solvent  and 
that  therefore  the  solute  may  at  least  decrease  the  rate  of  evaporation. 
There  is  nothing  in  the  quantities  involved,  however,  to  indicate  that 
this  might  be  an  important  factor  within  the  limits  of  cell-sap  concen¬ 
trations. 

2.  Calorimetric  tests  on  the  heat  required  for  drying  cones  indicate 
an  increase  in  the  latent  heat  of  vaporization  as  the  concentration  of  solu¬ 
tions  in  the  cone  cells  increases.  Even  admitting  that  the  large  number 
of  tests  puts  the  facts  practically  beyond  question,  there  may  be  here  a 
case  of  adsorbed  water  rather  than  a  case  of  solutions,  and  with  the 
molecular  affinities  and  possible  latent  heats  of  the  former  we  are  not, 
just  at  present,  concerned. 

3.  Carefully  conducted  tests  on  free  saline  solutions  indicate  that  the 
latent  heat  of  vaporization  is  not  appreciably  affected  by  concentration 
or  at  least  not  more  so  than  might  be  deduced  from  paragraph  1. 

4.  Observations  on  the  heating  and  evaporation  of  solutions  by  low- 
temperature,  exterior  sources  indicate  an  inability,  increasing  with  con¬ 
centration,  to  absorb  and  transmit  such  heat  in  a  manner  conducive  to 
evaporation.  We  shall  not  attempt  to  go  into  the  theory  of  this.  The 
important  fact  is  that  the  heat  of  the  air,  and  sunlight  so  far  as  it  is 
absorbed  by  the  exterior  walls  of  the  leaf  or  the  interior  cell  walls,  may 
be  relatively  ineffective  in  producing  evaporation  from  a  concentrated 
as  compared  with  a  dilute  solution,  while,  apparently,  such  rays  as  were 
directly  absorbed  within  the  solution  would  be  about  equally  effective 
in  all  cases.  It  goes  almost  without  saying  that,  if  such  absorbed  heat 
does  not  produce  evaporation,  it  must  increase  the  temperature  of  the 
leaf  until  a  point  is  reached  where  absorption  and  radiation  balance. 

In  view  of  these  facts,  when,  at  the  close  of  the  transpiration  tests,  it 
was  discovered  that  the  several  species  showed  such  unaccountable  and 
surprising  differences  in  transpiration  rate,  with  respect  to  growth  or 
mass  or  leaf  area,  the  first  thought  was  that  they  must  exhibit  differ¬ 
ences  which  could  be  expressed  in  the  qualities  of  the  solutions  from 
which  the  evaporation  of  water  takes  place.5  This  thought  was  too 
hastily  transformed  into  action  by  igniting  the  specimens  which  had 
served  for  the  transpiration  tests,  in  the  expectation  that  the  ash  weights 
would  be  an  index  to  the  solutes  in  the  plants  and  the  densities  of  their 
cell  solutions.  This  supposition  was,  of  course,  erroneous  in  taking  no 
account  of  the  soluble  carbohydrates  as  well  as  some  of  the  mineral 
oxids  which  would  be  lost  in  ignition  and  which  comprise  the  greater 
mass  of  the  solutes.  As  indicated  in  Table  I,  the  ash  percentages  are 
irregularly  variable  and  are  found  to  bear  no  relation  to  transpiration 
rates. 

Having  destroyed  the  best  source  of  information  on  the  physical  quali¬ 
ties  of  the  original  specimens,  the  next  step  was  to  obtain  specimens  as 
nearly  as  possible  like  those  used  in  the  transpiration  tests.  This  was 
done  by  securing  trees  of  the  same  classes  as  those  taken  from  the  nursery 
in  the  spring  of  1917  which  had  spent  the  growing  season  in  the  nursery. 


5  The  writer  wishes  to  acknowledge  the  very  helpful  suggestions  of  the  article  by  Barrington  Moore 
'(■T?).  which  was  received  in  galley  proof  at  such  a  time  as  to  aid  very  materially  in  solving  the  current 
problem,  and  which  reviews  a  number  of  the  more  recent  researches  on  this  problem. 
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The  specimens  were  collected  on  December  3,  1917,  before  the  ground 
was  frozen,  and  when  there  had  as  yet  been  no  drying  winds.  From 
three  to  eight  trees  of  each  species  were  taken  so  as  to  secure  a  con¬ 
siderable  mass  of  material.  The  tops  were  cut  off  at  the  root  collar  and 
those  parts  only  were  used. 

PROCEDURE  IN  DETERMINING  SAP  DENSITY 

The  necessary  data  for  determining  the  momentary  density  of  the 
sap  in  a  plant  appeared  to  be — 

(1)  The  weight  of  the  green  material,  determined  as  quickly  as  possible 
after  the  material  was  collected. 

(2)  The  weight  of  the  soluble  matter  leached  out  with  an  abundance  of 
water  and  evaporated. 

(3)  The  weight  of  the  insoluble  pulp,  oven-dried. 

By  adding  together  (2)  and  (3)  and  deducting  from  (1),  the  original 
amount  of  water  (and  other  solvents)  in  the  plant  is  obtained,  and  this, 
when  divided  into  (2),  gives  the  sap  density,  usually  expressed  as  a 
percentage. 

In  these  original  tests  the  plant  material  for  each  species  was  ground  to 
a  pulp,  and  these  pulps  were  allowed  to  stand  in  cold  wdter  of  about 
10  times  the  pulp  volume,  3  waters  being  used  for  each.  Finally  the 
pulp  was  all  accumulated  on  a  filter  and  dried  with  the  filter  paper.  The 
aqueous  solutions  were  evaporated  at  temperatures  not  exceeding  that 
of  boiling  water.  In  all  cases  the  so-called  “sugars”  thus  secured,  after 
becoming  dry,  were  not  wholly  resoluble,  indicating  that  colloidal  matter 
had  been  included  and  had  passed  through  the  filters.  This  matter  was 
a  small  proportion  of  the  total  solids,  however,  and  may  be  assumed  to 
have  equally  affected  all  samples. 

RESULTS 

The  sap  density  percentages  obtained  for  the  nursery  seedlings,  in  the 
first  tests  made,  were  as  shown  in  Table  XIII,  in  which  the  water  re¬ 
quirements  are  again  given.  Figure  3  shows  that  the  sap  densities  and 
water  requirements  plot  a  curve  which  is  remarkably  perfect,  considering 
the  changes  that  have  been  noted  in  relative  transpiration  rates  during 
the  season,  and  the  somewhat  questionable  value  of  the  water  require¬ 
ment  for  limber  pine,  which  must  be  based  on  the  performance  of  only 
one  specimen. 


4  able  XIII. — Sap  densities  and  water  requirements  in  IQ17 


Species. 

Sap  density 
in  material 
of  Dec.  3, 
1917  (tops 
only). 

Water  re¬ 
quirements 
of  trees  in 
transpira¬ 
tion  tests. 

Limber  pine . 

Per  cent. 
19.  6 
21.  8 

Gm. 

1,  144 
L  555 

Yellow  pine . 

Bristlecone  pine . 

Lodgepole  pine . 

954 

684 

525 

Douglas  fir . 

* 

Engelmann  spruce . 

2  9-  5 
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At  first  thought  it  does  not  appear  probable  that  the  density  of  the 
spruce  sap,  which  is  only  one-half  greater  than  that  of  yellow  pine,  is 
sufficient  to  reduce  the  relative  water  loss  of  spruce  to  one-third  or  one- 
fourth  of  that  of  the  pine.  It  is  not  necessary  to  assume  that  the  small 
water  loss  of  spruce,  as  related  to  its  photosynthetic  activity  and  amount 
of  growth,  is  entirely  the  direct  result  of  the  physical  properties  of  the 
dense  sap  of  this  species.  To  determine  how  the  result  may  be  brought 
about,  all  the  following  factors  must  be  given  consideration : 

1 .  Higher  sap  density  means  less  evaporation  per  unit  of  available  heat. 

2.  Higher  sap  density  means  higher  leaf  temperatures  before  evapora¬ 
tion  can  take  place  at  a  given  rate,  with  the  possibility  that  in  sunlight  the 
leaf  may  become  warmer  than  the  air  and  therefore  lose  heat  by  radiation 
and  conduction. 


3.  Higher  sap  density,  by  permitting  higher  leaf  temperatures,  should 
facilitate  the  photosynthetic  process,  thus  relatively  reducing  the  water 
requirement. 

4.  It  must  be  equally  true  that  greater  photosynthetic  activity  or 
capacity  will  tend  toward  higher  sap  density  as  well  as  increased  growth. 

When,  therefore,  the  question  is  asked,  “Is  the  high  sap  density  of 
spruce  a  direct  cause  of  its  low  transpiration  rate,  or  is  the  former  merely 
a  concomitant  of  greater  photosynthetic  activity,  and  is  this  last  the 
really  important  physiological  characteristic?’’  we  are  compelled  to  reply 
that  the  three  things  are  so  interdependent  that  all  are  equally  causes  and 
effects.  It  is  left  almost  beyond  question,  however,  that  of  the  species 
we  have  considered  the  spruce  represents  the  highest  development  and 
that  this  development  is  expressed  in  the  highest  growth  rate  (first 
columns  of  Table  X)  in  the  greatest  current  accumulation  of  soluble  carbo¬ 
hydrates  at  the  time  of  the  December  examination  and  in  the  most 
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effective  use  of  water  throughout  the  season.  On  the  other  hand,  when  we 
consider  the  low  sap  density  of  limber  pine  and  its  low  water  requirement 
in  relation  to  either  mass  or  leaf  area,  we  obtain  a  suggestion  that  tran¬ 
spiration  may  be  controlled  by  mechanical  means  rather  than  through  the 
physical  properties  of  the  sap  and  that  such  control  indicates  a  low  state 
of  development  because  it  inevitably  means  the  sacrifice  of  the  absolute 
growth  rate.  Yellow  and  lodgepole  pines,  with  relatively  low  sap  densi¬ 
ties,  appear  not  to  exert  the  mechanical  control  over  transpiration  and 
are,  as  a  result,  perhaps  more  fastidious  as  to  growing  conditions  than 
limber  and  bristlecone  pines. 

While  it  seems  important  to  have  demonstrated  that  among  the  species 
of  approximately  equal  development  from  the  forester’s  standpoint, 
growth,  photosynthetic  activity,  sap  density,  and  the  relative  extrav¬ 
agance  in  water  use  are  thus  interrelated  through  simple  physical 
control,  yet  the  really  important  question  is  whether  high  or  low  sap 
density  exerts  a  control  over  the  more  absolute  water  loss.  In  considering 
this  it  seems  unquestionably  best  to  use  the  leaf-exposure  basis,  since 
the  maximum  area  exposed  to  the  sun  must  determine  very  largely  the 
total  amount  of  energy  which  might  be  available  for  the  evaporating 
process.  Without  repeating  the  data  which  are  given  in  Tables  II  and 
XIII  (omitting  the  slow-growing  specimen  of  limber  pine), 'the  relation¬ 
ship  is  shown  in  figure  4.  It  is  to  be  noted  that  the  transpiration  rate  of 
yellow  pine  on  this  basis  is  relatively  high,  while  bristlecone  and  limber 
pines  are  relatively  low.  In  1920,  these  relations  are  completely  reversed. 
The  facts  leave  little  doubt  that  high  sap  density  does  materially  sup¬ 
press  transpiration. 

RESULTS  IN  1920 

In  view  of  the  apparent  relation  between  transpiration  rate  and  internal 
condition  of  the  tree,  it  is  important  to  see  whether  the  physical  characters 
which  we  might  ascribe  to  the  several  species  are  in  any  degree  constant. 
Let  us  first  consider  the  transpiration  material  of  1920. 

To  obtain  better  data  on  the  sap  density  of  the  trees  whose  transpira¬ 
tion  was  observed  during  1920,  sample  trees  corresponding  to  those  potted 
were  treated  at  the  beginning  of  the  season,  and  the  transpiration  trees 
were  themselves  treated  at  the  close  of  the  primary  test. 

With  the  freshly  dug  trees  at  the  beginning  of  1920  it  was  possible  to 
grind  and  treat  the  whole  plants  in  very  much  the  same  way  as  the  tops 
were  treated  in  December,  1917.  Owing  to  the  large  number  of  lots 
involved,  however,  four  sets  of  sample  trees  were  merely  dried,  and  it  is 
necessary  to  deduce  their  approximate  sap  densities  from  other  results 
for  the  same  species. 

In  the  fall  examination  it  was  considered  of  first  importance  to  deter¬ 
mine  the  dry  weight  of  the  trees,  as  a  measure  of  growth,  without  the 
risk  of  losing  any  material  or  whole  results  through  accidents.  The  trees 
were,  therefore,  first  oven-dried.  It  was  several  months  before  oppor¬ 
tunity  presented  itself  to  bring  out  this  dried  material,  grind  it  in  a 
mortar,  make  the  extractions  of  sugars,  and  again  dry  the  leached  pulp. 
In  this  case  no  attempt  was  made  to  evaporate  and  weigh  the  sugars. 
This  method  is  probably  open  to  the  criticism  that  a  longer  period  is 
required  to  secure  the  same  degree  of  leaching  of  solutes  that  may  be 
expected  with  green  material,  and  also  that  the  drying  of  the  material 
probably  coagulates  and  holds  some  collodial  matter  that  would,  from 
green  material,  pass  off  with  the  solutes.  This  may  account  in  part  for 
the  relatively  low  sap  densities  found  at  the  end  of  1920. 
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Fig.  4. — Relation  between  sap  densities  and  transpiration  rates  on  basis  of  leaf  exposures. 
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The  results  of  the  two  determinations  are  shown  in  Table  XIV. 


Table  XIV. — Sap  density  of  trees  in  1Q20  transpiration  tests  ( whole  plants) 


Species. 


Yellow  pine . 


Average . 
Douglas  fir . 


Average . . 
Lodgepole  pine. 


Average . 

Lngelmann  spruce .  9 


Average . . 

Limber  pine . 

Bristlecone  pine. 

Scotch  pine . 

Siberian  larch  . .  . 


Pot 

No. 


22 

1 

18 

15 


17 

10 

7 


3 

23 

24 


19 

12 

11 


16 

21 

8 

4 

2 

13 

6 


Source. 


Harney . . . 
....  do ... . 
Bitterroot. 
Tusayan. . 


Hayden. .. 
Leadville . 
Pike . 


Colorado . . 
Washakie. 
Gunnison . 


San  Isabel. 
Montezuma 
San  Isabel . 
Unknown. . 


Unknown. 
....  do ... . 
....  do ... . 
....  do ... . 
Russia. 
....  do ... . 
....  do ... . 
. do ... . 


Sap  density  at — 

Beginning 
of  season. 

End  of 
season. 

Per  cent. 

13-  15 
a  13-  IS 

6  13-  5° 
12.  71 

Per  cent. 
16.  18 

i5-  59 
11.  01 

9-  3° 

13-  13 

i3-  52 

15.  24 
14.  78 

6  i5-  5° 

i5-  63 
13-  25 
i3-  7i 

i5-  i7 

14.  20 

14.  72 

6  14-  65 
14.  49 

1  p.  60 

8.  80 
10.  38 

14-  55 

9-  93 

13-  70 

6  13-  65 

9.  91 
i3-  5° 

Lost. 
12.  84 
12.  93 
12.  32 

12.  69 

12.  70 

16.  05 

0  16.  0? 

i5-  75 
a  i5-  75 
r°-  43 
“  10.  43 

8.  54 
a  8.  54. 

13. 02 

c  i5-  36 

16.  29 
15.  68 
10.  80 
12.  65 
13-  75 
d  15-  °5 

Seasonal 

change. 


+0-  39 


-•  97 


—  4.  62 


+.  01 


—  1.  86 


+•  23 
+  1.  29 
+5-  86 


a  One  test  only  for  this  class  of  material. 

b  Sugar  not  extracted.  Sap  density  estimated  from  green-dry  ratio, 
c  The  specimen  of  high  sap  density  is  the  one  that  made  practically  no  growth. 

d  These  sap  densities  determined  after  foliage  was  nearly  all  air-dry.  Making  allowance  for  this  the  sap 
densities  should  be  about  2  per  cent  less. 


In  considering  Table  XIV  it  should  be  borne  in  mind  that  at  the  time 
of  potting  the  trees  for  transpiration  study  some  of  the  species  had  made 
very  appreciable  growth  while  others  had  probably  felt  the  stimulus  of 
spring  very  little.  It  is  perfectly  apparent  from  other  data  secured  that 
the  initiation  of  growth  in  the  spring  means  a  flooding  of  the  plant  with 
water.  Thus  the  relatively  low  sap  densities  of  spruce  and  Siberian  larch 
are  expressive  of  their  response  to  relatively  low  temperatures,  while  that 
of  yellow  pine  is  more  indicative  of  a  low  condition  throughout  the 
winter. 

In  view  of  the  fact  that  the  stage  of  the  seasonal  advance  had  affected 
the  several  species  differently,  it  is  questionable  whether  the  spring  data, 
or  the  changes  throughout  the  season,  have  any  great  value  in  our 
present  comparisons. 
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On  the  other  hand,  if  the  sap  densities  in  the  fall  may  be  taken  as 
indicative  of  conditions  existing  during  most  of  the  season,  certain  strik¬ 
ing  facts  are  in  evidence.  It  has  been  mentioned  that  the  abundant 
moisture  supplied  the  trees  in  the  spring,  and  the  relatively  dry  condition 
later  on,  may  have  induced  the  production  of  a  great  deal  of  new  tissue 
which  the  trees  were  not,  later  on,  able  to  supply  with  adequate  building 
material.  This  would  seem  most  markedly  the  case  with  all  the  lodge- 
poles  and  with  the  Tusayan  yellow  pine  whose  growth  was  so  vigorous. 
It  is  believed,  therefore,  that  the  evidence  is  fairly  convincing  that  in 
1920  either  the  moisture  was  not  sufficiently  available  to  permit  effective 
photosynthesis  in  some  of  the  species  or  that  the  sunlight  and  tempera¬ 
tures  were  below  par  in  effectiveness.  Possibly  it  is  a  combination  of 
these  things  which  left  sap  densities  very  low  at  the  end  of  the  season. 
Still,  in  comparing  the  absolute  values  with  those  of  1917,  it  should  be 
remembered  the  earlier  values  refer  only  to  the  tree  tops. 

These  sap  densities  are  found  to  bear  a  broad  relationship  to  the  water 
requirements  of  the  several  species,  though  this  is  not  so  well  defined  as 
in  1917,  probably  because  of  the  seasonal  changes  in  water  supply  and 
the  less  favorable  light  conditions.  Comparing  the  mean  post-season 
sap  densities  with  the  transpiration  per  unit  of  leaf  exposure,  however, 
and  again  omitting  the  questionable  limber  pine,  we  have  the  data  in 
Table  XV,  which  have  already  been  illustrated  in  figure  4. 


Table  XV. — Transpiration  and  sap  densities  in  IQ20 


Species. 

Transpiration 
per  square 
centimeter 
leaf  exposure. 

Mean  post¬ 
season  sap 
density. 

Lodgepole  pine . 

Gvi . 

i5-  27 

Per  cent. 

9-  93 
12.  70 

9-  3° 
11.  72 
14.  40 
14.  19 
I5-  78 
14.  20 

Engelmann  spruce . 

Yellow  pine . 

10. 08 
8-  45 

Scotch  pine . 

Siberian  larch . 

Limber  pine . 

7.  OO 

Bristlecone  pine . 

Douglas  fir . 

4* 

It  is  again  evident  in  the  1920  results  that  the  effectivenefs  of  sunlight 
in  producing  evaporation  from  leaves  must  be  very  considerably  affected 
by  the  density  of  the  sap  involved.  If  we  were  to  balance  the  variations 
in  one.  season  against  those  in  the  other,  it  is  readily  seen  that  the  rela¬ 
tionship  would  be  almost  perfect.  To  what  extent  these  variations  may 
be  due  to  error,  in  determining  either  sap  density  or  leaf  exposure  must 
remain  a  question  until  a  great  deal  more  material  has  been  examined. 
It  does  seem  certain,  however,  that  the  relative  positions  of  the  species, 
in  regard  to  either  sap  density  or  transpiration  rate,  are  by  no  means 
constant.  The  best  that  can  be  done  at  present  is  to  accept  average 
values,  for.  each  species,  as  has  been  already  done  in  considering  the 
transpiration  independently.  The  explanations,  already  made,  of 
variations,  in  growth  in  the  two  seasons  should  be  considered  in  con¬ 
nection  with  the  variations  in  sap  density. 
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STABILITY  OF  SAP  DENSITIES 

It  has  already  been  indicated  that  the  sap  density  of  a  given  species 
is  by  no  means  constant.  In  order  that  progress  may  be  made  in  the 
use  of  the  sap  density  measure,  or  the  osmotic  pressure  determination, 
as  an  indicator  of  the  relations  between  plant  and  environment,  it  is 
extremely  important  to  realize  (i)  that  the  tree  may  pass  annually 
through  a  definite  cycle  of  changes  and  (2)  that  the  current  sap  density 
may  be  quite  largely  influenced  by  current  atmospheric  conditions  as 
well  as  water  supply.  If  the  tree  were  always  able  to  supply  as  much 
water  as  was  demanded  by  the  losses  at  its  leaves,  then  only  a  cyclic 
change  would  be  apparent,  dependent  on  cell  division  and  photo¬ 
synthesis,  or  primarily  on  temperature  and  light  conditions.  It  might 
be  said,  therefore,  that  the  species  which  shows  the  least  fluctuation 
with  current  atmospheric  conditions  is  the  one  best  able  to  supply  any 
demand  for  water,  and  it  would  seem  that  this  species  would  best  endure 
a  long  drought  in  the  soil. 

As  to  the  cyclic  change  in  sap  density,  it  would  seem  that  the  following 
describe  the  general  conditions  of  the  seasons  which  bring  it  about: 

1.  In  the  spring  we  have  rising  temperatures  and  increasing  duration 
and  intensity  of  sunlight,  which  alone  would  increase  the  osrhotic  pressure 
in  favor  of  the  plant  as  against  the  soil.  Coupled  with  this  there  is 
usually  an  abundant  supply  of  moisture  in  the  soil  immediately  after 
its  thawing,  often  augmented  by  the  melting  of  large  masses  of  snow 
and  by  heavy  rains.  These  conditions  cause  a  heavy  inrush  of  water 
and,  because  the  atmospheric  demands  are  at  this  season  very  moder¬ 
ate,  an  extreme  turgescence  of  the  tissues  already  formed  becomes  not 
only  possible  but  unavoidable.  It  is  believed  this  turgescence  is  the 
foundation  for  cell  expansion  and  division,  from  which  the  new  tissues 
arise. 

2.  With  the  advance  of  spring  and  advent  of  summer  the  moisture 
supply  of  the  soil  is  usually  much  reduced,  but  even  if  this  were  not  the 
case  the  formation  of  new  tissues  might  be  checked  because  of  the  very 
great  increase  in  transpiration,  due  both  to  greater  atmospheric  demands 
and  water  losses  from  the  new  succulent  tissues  already  formed.  In 
the  conifers,  outward  evidences  of  growth  usually  disappear  abruptly 
early  in  the  summer.  The  period  of  warmest  weather,  then,  is  not  one 
for  the  formation  of  new  tissues,  but  for  the  creation  of  the  materials 
with  which  those  already  formed  may  be  built  up  and  solidified.  Fruit¬ 
ing,  of  course,  also  demands  some  of  these  materials.  The  sap  density 
should,  therefore,  increase  from  the  moment  that  cell  division  becomes 
negligible. 

3.  The  autumn  season  in  temperate  climates  is  almost  universally  the 
least  favorable  as  regards  current  precipitation,  and  at  this  season  the 
soil  water  is  most  likely  to  have  been  completely  exhausted.  For  this 
reason  the  amount  that  can  be  supplied  is  often  inadequate  for  all  the 
transpiring  members,  and  we  witness  the  drying  and  falling  of  all  decidu¬ 
ous  leaves  and  of  the  oldest  ones  on  the  evergreens.  Unless  the  water 
supply  in  the  leaves  becomes  so  low  as  to  prevent  the  chemical  processes, 
photosynthesis  in  the  evergreens  is  not  checked,  and  sap  densities  may  be 
expected  to  reach  their  highest  points,  partly  because  the  actual  amount 
of  water  present  is  less  than  at  any  other  season. 

4.  While  under  some  circumstances  the  winter  season  may  be  one  of 
almost  complete  dormancy,  with  photosynthesis  stopped  by  low  temper- 
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atures  and  little  light  and  the  movement  of  water  stopped  by  freezing 
of  the  soil,  such  a  condition  does  not  describe  the  winters  of  the  region 
in  which  we  are  particularly  interested  in  this  study.  Here  the  winter 
days  are  often  warm  and  bright  enough  to  permit  possibly  some  photo¬ 
synthesis  in  the  evergreens  and  certainly  very  considerable  transpiration. 
Such  days  may  be  followed  by  severe  cold  of  sufficient  duration  to  freeze 
the  tree  and  the  soil  to  a  depth  of  1  or  2  feet.  These  cold  waves  are  not 
uncommonly  followed  by  warm  winds  which  immediately  thaw  the  foli¬ 
age  and  may  make  great  demands  on  its  moisture  before  the  tree  stems 
and  the  soil  thaw  out  enough  to  provide  a  new  supply.  Thus,  in  extreme 
cases  great  injury  may  be  done,  and  in  the  usual  weather  cycles  the  tree 
is  subjected  to  very  marked  changes  in  water  supply  and  in  the  sap 
density  of  its  foliage.  At  this  season  the  sap  density,  it  will  be  readily 
seen,  may  depend  very  greatly  on  the  exposure  of  the  tree,  since  the 
primary  factor  in  drying  is  wind.  A  tree  growing  in  a  dense  stand  with 
a  northern  exposure  passes  through  much  more  moderate  changes  than 
one  in  an  open  stand  where  both  sunshine  and  wind  may  have  full  effect. 

Sap  Density  in  Period  of  Vernation 

We  have  already  pointed  out,  in  connection  with  Table  XIV,  the  pos¬ 
sible  bearing  of  different  responses  to  temperature  on  the  comparative 
sap  densities  in  the  spring  of  1920.  In  Table  XV  are  given  additional 
data  which,  with  the  explanatory  notes,  make  a  very  clear  case.  It  is 
not  surprising  to  find  that  a  control  test  made  with  nursery  material 
collected  June  1,  1918,  when  growth  of  most  species  had  begun,  shows 
complete  disarrangement  of  the  December,  1917,  values. 

The  material  was  collected  as  before,  complete  aerial  portions  being 
taken.  These  were  placed  immediately  in  stoppered  bottles  and  were 
exposed  each  to  the  others’  vapor  until  June  18,  in  order  that  from  the 
losses  or  absorptions  some  idea  as  to  relative  osmotic  pressures  might 
be  gained.  The  exposure  was  not  long  enough  to  give  more  than  an 
indication.  After  this  period  the  material  was  dried  in  the  bottles, 
then  leached  and  redried.  Spruce  specimens  were  inadvertently  omitted 
from  this  collection. 

Table  XVI. — Sap  densities  of  nursery  specimens  at  beginning  of  growing  season,  1918 

( tops  only) 


Species. 

Age. 

Num¬ 
ber  of 
tests. 

Average  sap 
density. 

Relative 
osmotic 
pressure  in- 
iicated  by 
vapor 
transfers. 

Limber  pine . 

Years. 

7 

Per  cent. 

IS-  54±i-  37 

15.  io±o.  55 
20.  37 

12.  22 ±0.  53 

16.  9i±o.  41 
10.  6i±o.  98 
20.  33 

13.  48 

14.  18 

Per  cent. 

0. 978 

•  998 

.  980 

•  979 

•  969 

•  972 

I.  014 

Yellow  pine . 

Bristlecone  pine  a . 

7 

Lodgepole  pine . 

2 

Douglas  fir . 

6 

Siberian  larch  & . 

Western  white  pine  a . 

3 

Scotch  pine . 

Aspen  (new  leaves) . 

0 

.  904 

a  Buds  not  yet  opened. 

b  One  specimen  with  and  the  other  without  roots.  The  former  showed  the  lower  density. 
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The  data  indicate  that  the  beginning  of  new  growth  had  permitted  the 
essential  equalizing  of  sap  densities,  except  with  bristlecone  pine  and 
western  white  pine.  It  is  difficult  to  see  why  the  density  for  bristlecone 
pine  should  have  remained  high  without  giving  it,  apparently,  a  high 
osmotic  pressure.  The  very  thin  sap  of  Siberian  larch  is  accounted  for 
by  the  advancement  of  its  growth,  which  always  begins  earlier  than 
that  of  any  of  the  native  species. 

Table  XVII. — Sap  density  of  trees  in  natural  habitats  after  drying  weather,  December, 

30,  3i,  1918 


Species. 

Site  where  collected. 

Sap  density. 

2  southwest  slope . 

Per  cent. 

28. 67 

29.  86 

6  northwest  slope . 

6  northwest  slope . 

26.  42 

12  ridge . 

27.  08 

9  north  slope . 

28.  39 

All . 

28.  08 ±0.  45 

2  southwest  slope . 

,  “25.64 
“29.  52 

2  southwest  slope . 

6  northwest  slope . 

27.  46 

4  east  slope . 

25-  3° 

12  ridge . 

25.  84 

All . 

26.  75 ±0.  59 

1  south  slope . 

27.  24 

27.  61 

8  ridge . 

All . 

27.  42  ±0.  16 

2  southwest  slope . 

27-35 

26.  40 

4  east  slope . 

12  ridge . 

28.  10 

9  north  slope . 

24.  44 

All . 

26.  57±o.  56 

3  northeast  slope . 

24.  38 

22.  78 

5  bottom . 

5  bottom . 

22.  16 

All . 

23.  ii±o.  51 

a  On  the  morning  of  Feb.  23,  1918,  corresponding  specimens  showed  21.05  per  cent  and  25.12  per  cent, 
respectively,  for  these  two  trees.  The  specimen  of  lower  sap  density  in  each  case  was  from  a  young,  vigor¬ 
ous  tree;  that  of  higher  density  from  a  low  limb  of  an  old  tree  badly  infested  with  mistletoe. 


On  the  whole,  while  the  determinations  of  osmotic  pressure  are  not 
complete,  it  is  indicated  that  they  were  essentially  the  same  when  the  sap 
densities  were  nearly  the  same.  We  may,  therefore,  feel  safe  in  assuming 
that  for  other  conditions  relative  osmotic  pressures  will  be  about  pro¬ 
portionate  to  sap  densities,  which  might  not  be  the  case  if  the  solutes  of 
different  species  were  materially  different  in  composition  and  molecular 
weights.  A  boiling-point  test  made  with  accumulated  solutes  from  all 
the  species  shows  that  an  osmotic  pressure  of  about  19  atmospheres  may 
be  expected  when  the  sap  density  is  20  per  cent.  Freezing-point  deter- 
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ruinations  have  also  shown  that  with  all  of  our  conifers  a  sap  density  of 
1  per  cent  is  approximately  equivalent  to  1  atmosphere  of  osmotic  pres¬ 
sure,  this  relation  holding  at  least  up  to  20  per  cent.  Such  tests  have  not, 
as  yet,  been  sufficient  to  bring  out  any  consistent  differences  in  the  saps 
of  different  species. 

Winter  Sap  Densities  in  Natural  Habitats 

Attention  may  now  be  turned  to  determinations  of  the  sap  density  of 
trees  growing  in  their  natural  habitats,  as  made  at  the  end  of  December, 
1917.  The  foliage  specimens  wrere  collected  on  the  afternoons  of 
December  30  and  31,  both  days  being  warm  and  the  soil  not  yet  frozen 
in  any  instance  at  a  depth  of  a  foot.  The  preceding  week  had  been  warm 
and  dry,  with  a  high  evaporation  rate  for  that  season.  Hence  it  may  be 
expected  that  the  results  will  show  the  influences  of  different  exposures. 

All  material  was  from  limbs  at  a  height  of  about  4 yi  feet  above  the 
ground. 

In  this,  as  in  all  the  following  cases  where  only  foliage  is  sampled,  the 
outer  half  or  two-thirds  of  the  needles  was  clipped  off  with  shears  in 
sections  about  one-half  inch  long.  This  material  was  leached  before 
drying  and  was  otherwise  treated  as  the  ground  pulps  had  been. 

When  these  results  are  compared  with  those  obtained  from  nursery 
stock  on  December  3  (fig.  3),  it  is  seen  that  a  very  great  but  regular 
difference  in  the  value  exists.  The  average  sap  density  of  limber  pine 
has  increased  8  per  cent,  of  yellow  pine  5  per  cent,  of  lodgepole  4  per 
cent;  that  of  Douglas  fir  has  decreased  x  per  cent  and  that  of  spruce  6 
per  cent.  These  changes  form  almost  a  straight  line  when  plotted  with 
the  original  sap  densities  as  abscissae. 

This  shows  that  sap  densities  in  a  given  species  are  subject  to  great 
variations,  but  it  does  not  mean  that  they  have  no  significance.  The 
differences  between  these  field  specimens  and  the  nursery  trees  growing 
under  uniform  conditions  reflect  the  fact  that  the  pines  liad  lately  been 
subjected  to  the  strongest  drying  influences,  while  the  fir  in  part,  and 
spruce  wholly,  had  recently  been  protected  from  any  severe  drying. 
Also,  owing  to  the  protection  afforded  the  latter  species  at  all  times,  they 
had  probably  never  had  the  benefit  of  full  light  and,  therefore,  may  not 
have  accumulated  as  large  a  supply  of  carbohydrates  as  the  pines  growing 
in  the  open. 

To  assume  from  this  that  spruce  or  fir  is  not  subjected  in  the  field  to 
drying  stresses  equal  to  those  experienced  by  the  pines,  or  that  the 
former  would  not  tolerate  great  stresses  as  well  as  the  latter,  is  altogether 
erroneous.  These  tests  were  made  before  the  soil  was  frozen  and  before 
the  winter  exposure  had  had  opportunity  to  bring  about  any  degree  of 
equilibrium  between  different  sites.  It  is  greatly  to  be  regretted  that 
this  series  of  specimens  could  not  have  been  duplicated  late  in  the  winter. 

Winter  Sap  Densities  Near  Timber  Line 

On  the  other  hand,  specimens  collected  at  high  elevations,  on  January 
1,  1918,  only  a  day  or  two  later,  tell  a  very  different  story,  for  here  the 
soil  was  already  deeply  frozen,  and  the  exposure  to  evaporation  had  been 
very  severe  for  the  preceding  six  days. 

These  results  and  others  which  show  changes  with  season,  weather, 
and  soil  conditions  are  given  in  Table  XVIII. 
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Table  XVIII. — Sap  densities  in  exposed  situations,  at  high  elevations,  1918 


Species. 

Location . 

Sap  densities. 

Jan.  1. 

Feb.  6. 

May  7. 

May  18. 

Engelmann  spruce .  . 
Bristlecone  pine . 

Station  F-16 . 

. do . 

Per  cent. 

“37-  3° 
3°-  75 
31-  00 
3°-  56 

Per  cent. 

31-  29 
28.  68 
24.  00 

30-37 
23.  66 
21.  45 

Per  cent. 

&33-  6? 

C19.  f'i 

Per  cent. 
22. 16 
20. 84 

Bristlecone  pine . 

Engelmann  spruce .  . 

Cabin  Creek . 

Gulch  near  F-13 . 

.  .  do . 

d2i.  70 

21. 50 
19. 02 
20. 62 
21. 07 

24. 51 

Cabin  Creek.  . 

Engelmann  spruce .  . 

Cabin  Creek,  edge  of 
water. 

a  Similar  specimen  obtained  Jan.  15,  1921,  from  a  very  exposed  site  showed  33.5  atmospheres  of  osmotic 
pressure  by  freezing-point  method  with  27.7  per  cent  sap  density. 

b  Twigs  from  which  needles  were  clipped  showed  at  same  time  19.95  Per  cent, 
c  Twigs  from  which  needles  were  clipped  showed  at  same  time  15.84  per  cent. 
d  Twigs  from  which  needles  were  clipped  showed  at  same  time  15.19  per  cent. 

At  Station  F-16  there  is  at  all  times  a  contrast  between  the  spruce 
and  bristlecone  pine  specimens,  until  May  18,  when  thawing  had  become 
general.  This  is  probably  not  altogether  a  specific  difference  but  is 
due  in  part  to  the  fact  that  the  spruce  was  located  in  a  hollow  which 
collected  snow  and  did  not  permit  even  temporary  thawing  of  the  soil 
until  very  late,  while  the  bristlecone  was  on  high  ground  only  a  few  feet 
distant,  from  which  the  snow  is  usually  swept  away,  and  which  might, 
therefore,  thaw  in  a  brief  period. 

It  may  be  a  very  significant  fact  that  although  the  soil  temperatures 
at  Station  F-16  on  February  6  were  21.50  F.  at  1  foot,  and  23.6°  at  4  feet 
(as  against  27.00  and  30. 5 0  on  January  1),  and  although  there  had  prob¬ 
ably  been  no  thawing  whatever  during  January,  the  sap  densities  of  both 
spruce  and  bristlecone  pine  decreased  during  the  month.  The  evapora¬ 
tion  rate  from  February  1  to  6  was  only  about  one-fifth  as  great  as  from 
December  26  to  January  1,  meaning,  of  course,  much  less  current  desic¬ 
cation  in  the  later  period.  But  it  is  also  indicated  that  at  some  time 
between  January  1  and  February  6  the  leaves  must  have  obtained  mois¬ 
ture  from  some  source.  This  might  have  been  by  transfer  from  the 
stems,  if  thawing  of  aerial  parts  occurred ;  but  there  is  no  apparent  reason 
why  the  leaves  should  not  have  taken  up  vapor  from  the  atmosphere 
during  periods  when  the  vapor  of  the  atmosphere  was  practically  sat¬ 
urated.  The  possibilities  of  such  absorption,  as  a  relief  for  winter 
drought  conditions,  are  too  important  to  be  overlooked. 

The  material  collected  May  7  showed  in  all  cases  much  lower  sap  den¬ 
sity  in  the  twigs  than  in  the  more  exposed  half  of  the  needles,  the  latter 
being  selected  because  logically  subject  to  the  greatest  drying.  This 
indicates  that  small  variations  in  the  results  may  be  expected  from 
clipping  slightly  more  or  less  than  half  of  the  needles. 

All  specimens  showed  a  decided  drop  in  densities  on  May  7,  by  which 
time  there  was  a  great  deal  of  surface  thawing,  except,  as  explained, 
around  the  roots  of  the  spruce  at  Station  F-16.  This  tree  responded 
in  the  next  period. 

The  spruce  and  alpine  fir  obtained  from  a  protected  stand  in  a  gulch 
near  F-13  both  on  February  6  and  May  18  show  plainly  the  advantages 
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of  protection.  The  high  density  of  the  last  spruce  in  the  test,  on  May  18, 
is  difficult  to  explain,  in  view  of  the  exposure  on  a  southwesterly  bank 
and  the  apparent  abundance  of  moisture.  This  may  be  due,  however, 
both  to  the  full  exposure  of  the  tree  to  light  and  to  a  possible  high  degree 
of  nonavailability  of  the  moisture  as  a  result  of  acidity  and  lack  of 
aeration. 

Summarizing,  it  is  evident  that  the  sap  density  of  any  species  or  indi¬ 
vidual  is  not  a  stable  quality  but  varies  according  to  the  amount  of 
photosynthesis  which  is  permitted  and  according  to  current  conditions 
affecting  water  supply  and  transpiration.  Nevertheless,  there  is  found 
in  these  data  no  reason  for  changing  the  original  conclusion  that,  given 
equal  opportunities  and  exposures,  the  sap  density  of  spruce  will  be 
higher  than  that  of  any  of  the  other  species;  that  spruce  will  tolerate  a 
very  great  loss  of  moisture,  and  a  resultant  high  sap  density  in  the 
needles,  without  injury;  and  that  it  can,  therefore,  be  said  that  spruce 
is  not  only  better  equipped  to  resist  transpiration,  other  things  being 
equal,  but  that  the  ability  to  resist  transpiration  and  its  possibly  injurious 
effects  makes  spruce  in  reality  the  least  moisture-demanding  of  all  of 
the  Central  Rocky  Mountain  trees. 

These  conclusions,  however  tentative,  must  at  least  develop  a  wariness 
to  accept  average  or  temporary  moisture  conditions  of  the  site  as  prima 
facie  evidence  of  the  relative  moisture  requirements  of  the  species  occu¬ 
pying  it. 

On  the  other  hand,  we  have  as  yet  no  evidence  that  spruce  is  more 
drought-resistant  than  other  species  or  that  the  sap  density  and  the  speci¬ 
fic  qualities  that  affect  it  react  upon  distribution  through  the  water  re¬ 
quirements.  All  that  we  have  so  far  been  able  to  show  is  that  low  sap 
density  permits  a  species  to  occupy  warm  sites  where  the  exposure  is 
very  great  most  of  the  time,  while  high  sap  density  appears  to  hold  the 
species  to  cool  sites,  where  the  winter  drought  may  be  severe,  especially 
at  high  altitudes. 

WILTING  COEFFICIENTS  FOR  DIFFERENT  SOILS  AND  SPECIES 

If  it  could  be  shown  that  one  species  is  capable  of  extracting  the  mois¬ 
ture  of  the  soil  to  a  lower  point  than  other  species  before  wilting  or  other 
injury  to  the  plant  was  apparent,  this  would  constitute  direct  evidence 
that  the  first  species  not  only  was  less  likely  to  experience  fatal  drought 
conditions  but  also  was  capable  of  sustaining  higher  internal  osmotic 
pressures  without  injury  to  the  protoplasm.  When  wilting  occurs,  if 
the  condition  has  been  approached  gradually,  it  may  be  assumed  that  the 
osmotic  pressure  in  the  plant  is  essentially  the  same  as  in  the  soil,  and  the 
latter,  of  course,  increases  as  the  moisture  content  decreases  and  the  con¬ 
centration  of  the  soil  solution  increases. 

It  has  already  been  indicated  in  connection  with  transpiration  in  1920 
that  spruce  appeared  to  be  able,  under  all  conditions,  to  obtain  the 
water  required  for  free  transpiration  more  nearly  than  any  of  the  pines 
or  Douglas  fir.  A  similar  test  with  the  moisture  gradually  reduced  to 
complete  nonavailability  would,  perhaps,  be  preferable  to  wilting  tests* 
which  must  be  conducted  with  seedlings  in  order  that  the  end-point 
may  be  observed  ocularly.  It  is  fairly  evident  that  the  seedlings  may  not 
show  development  of  the  internal  characters  which  are  important  in  this 
connection  to  the  same  extent  as  older  trees.  However,  it  can  not  be 
gainsaid  that  it  is  the  seedlings  which  are  subjected  to  the  greatest  dan- 


146 


Journal  of  Agricultural  Research 


Vol.  XXXV,  No.  » 


gers,  and  it  is  their  performance,  rather  than  that  of  older  trees,  which 
determines  the  composition  of  forest  types. 

Although  only  a  few  wilting  tests  have  been  made  in  which  the  several 
species  have  been  observed  growing  in  the  same  soil,  a  considerable  amount 
of  information  has  been  obtained  on  each  species  in  a  variety  of  soils; 
and  by  reference  to  the  physical  properties  of  these  soils  we  may  obtain 
fairly  satisfactory  comparisons.  In  each  case,  the  species  used  was  that 
one  which  occupied  the  given  soil  or  predominated  in  the  type  in  the 
field. 

PROCEDURE 

In  general  the  intention  has  been  to  secure  the  wilting  coefficient  for 
the  soil  as  found  in  the  field — that  is,  with  the  normal  admixture  of 
rocks  and  gravel,  since  the  saturation  and  capillary  capacities  and  other 
physical  measurements  were  on  this  basis.  In  this  respect  mountain 
soils  present  difficulties  ordinarily  not  met  with  in  agricultural  work. 

To  attain  this  end  it  is  not  sufficient  to  sample  the  soil  for  moisture 
content  after  the  seedlings  have  wilted.  The  mositure  content  must  be 
determined  for  a  mass  of  soil  large  enough  to  represent  normal  pro¬ 
portions  of  rock  and  finer  material. 

Pans  about  10  inches  square  were  used  in  the  earliest  tests,  the  soil 
being  in  a  layer  from  1  to  \}4  inches  deep.  These  were  sometimes 
found  to  be  too  shallow  to  accommodate  the  rocks  which  should  be  in¬ 
cluded;  consequently  a  standard  round  pan  was  specially  made,  having 
a  diameter  of  7  inches,  a  depth  of  3  inches,  a  soil  depth  of  2%  inches,  and 
an  ordinary  soil  weight  of  about  4  pounds.  A  few  holes  were  punched 
in  the  bottom  of  each  pan  to  prevent  excessive  wetness  and  to  aid  aeration, 
it  being  the  belief  that  with  the  pans  on  a  bench  the  evaporation  rate 
through  these  small  holes  could  never  be  an  important  factor.  In  fact, 
though  the  soil  surfaces  have  usually  been  paraffined,  it  has  never  been 
attempted  to  make  the  coatings  air-tight,  since  the  object  is  not  to 
prevent  water  loss  from  the  soils  but  to  insure  that  when  wilting  occurs 
the  moisture  distribution  throughout  the  soil  shall  be  fairly  uniform. 

The  vegetation  has  been  secured  by  sowing  seeds  of  the  desired  species 
in  the  pan  of  soil,  watering  these  moderately,  and  permitting  the  seed¬ 
lings  to  develop  for  about  a  month  before  coating  the  pans  and  cutting 
off  the  moisture  supply.  Beyond  the  age  of  a  month  the  seedlings  may 
rapidly  lignify,  so  that  the  wilting  does  not  occur  promptly  or  is  very 
difficult  to  detect.  This  is  true  of  Douglas  fir  seedlings  at  any  age.  It 
is,  of  course,  realized  that  seedlings  of  this  age  may  not  exercise  the  same 
control  over  moisture  as  would  older  trees. 

The  soil  sample  is  placed  in  the  pan  in  an  air-dry  condition  and  is 
oven-dried  to  determine  its  net  weight.  This  practice  may  have  had 
some  effect  on  the  colloids  but  is  fully  justified  by  the  assurance  it  gives 
that  micro-organisms  will  be  eliminated  and  will  not  cause  the  untimely 
death  of  the  seedlings.  However,  as  mountain  soils  are  rarely  strong 
in  clay,  as  the  samples  have  always  been  air-dried  first,  and  as  the  oven 
temperature  has  been  only  920  C.,  it  is  thought  any  change  in  soil  quali¬ 
ties  may  virtually  be  ignored. 

After  drying,  a  cupful  of  soil  is  taken  from  the  pan,  a  weighed  lot  of 
seeds  is  strewn  over  the  smooth  surface  of  the  remaining  soil,  and  the 
cupful  is  then  used  to  cover  the  seeds. 

The  moisture  applied  to  induce  germination  and  development  of  the 
seedlings  has  usually  been  left  wholly  to  judgment,  the  intention  being 
to  give  all  that  can  be  used  and  never  to  permit  the  surface  to  become  dry. 
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The  seedlings  have  been  developed  with  abundant  sunlight,  in  the 
greenhouse,  avoiding  excessive  temperatures  as  far  as  possible.  To 
make  a  satisfactory  test  each  pan  should  develop  at  least  100  seedlings. 

When  the  final  weight  of  a  pan  is  secured,  with  the  seedlings  wilted, 
deductions  are  made  for  the  known  weight  of  paraffin  applied,  as  also  for 
the  weight  of  the  seed  used,  which  is  assumed  to  be  the  same  as  that  of 
the  wilted  seedlings  and  the  loose  hulls.  This  weight  could  generally  be 
ignored  without  affecting  the  result  appreciably,  for  the  moisture  content 
is  usually  60  or  80  gm.,  as  against  1  to  5  gm.  for  the  seed  of  any  species 
except  yellow  pine. 

DIRECT  COMPARISONS  OF  THE  SPECIES 

Not  until  1920  was  it  possible  to  conduct  special  tests  with  two  or 
more  species  in  the  same  soil.  The  most  comprehensive  test,  and  there¬ 
fore  the  least  likely  to  be  misleading,  was  conducted  from  April  to  Sep¬ 
tember,  1920.  In  this  case  the  soils  were  not  sterilized  by  oven -drying, 
and  considerable  damping  off  of  the  seedlings  occurred,  which  piay  be 
confused  with  legitimate  wilting  in  the  early  stages.  The  pans  were 
watered  and  weighed  daily,  and  the  losses  of  seedlings  were  recorded, 
so  that  it  is  possible  to  consider  the  losses  at  any  stage.  Because  of  the 
damping  off,  and  also  to  make  these  results  more  comparable  with  those 
in  which  but  one  wilting  period  was  recorded — that  is,  the  time  when 
practically  the  entire  number  collapsed — it  seems  best  to  consider  in  all 
these  more  recent  tests  the  mean  wilting  point  for  the  last  25  per  cent  of 
the  total  number  of  seedlings  observed.  Not  infrequently  the  weakest 
seedlings  die  with  twice  as  much  water  available  as  is  required  to  sustain 
the  strongest. 

In  this  particular  test  the  moisture  equivalents  of  the  five  soils  were 
determined  first,  under  a  force  of  100  gravity;  and,  assuming  that  these 
quantities  were  indicative  of  the  same  degree  of  availability  in  each  soil, 
the  watering  in  each  case  was  so  gauged  as  to  maintain  this  moisture 
equivalent.  It  may  be  remarked  that  this  quantity  was  very  favorable 
for  germination  and  establishment.  Later  the  water  content  of  each 
pan  was  reduced  to  two-thirds  of  the  moisture  equivalent,  finally  to  one- 
third,  and  from  that  point  downward  by  5  gm.  stages.  This  is  important 
because  other  tests  indicate  that  the  drought  which  a  seedling  will 
tolerate  depends  much  on  the  moisture  to  which  it  has  become  accustomed. 

The  soils  in  this  case  were  not  paraffined,  but  some  water  was  given 
almost  every  day  in  order  to  eliminate,  so  far  as  possible,  extreme  drying- 
out  of  the  surface.  It  is  significant  that,  perhaps  on  this  account,  the 
wilting  coefficients  are  relatively  lower  than  usual. 

The  results  of  this  test,  which  have  already  been  given  in  the  research 
manual  (4,  pt.  1)  to  illustrate  the  relation  between  wilting  coefficient  and 
moisture  equivalent,  are  given  in  slightly  different  form  in  Table  XIX. 

We  shall  not  discuss  the  rather  variable  relations  of  these  wilting 
coefficients  to  the  physical  measures  of  moisture-holding  properties  of 
the  soils.  Suffice  it  to  say  that  other  evidence  points  to  the  fact  that  the 
several  wilting  coefficients  represent  an  osmotic  constant  in  the  different 
soils,  while  either  the  capillary  moisture  or  moisture  equivalents  fall 
considerably  short  of  this.  This  relationship  will  be  discussed  in  connec¬ 
tion  with  -the  field-moisture  problem.  The  physical  measures  of  soil 
moisture  bear  only  a  general  relation  to  wilting  coefficients  and  must 
be  used  with  this  understanding.6 

*  The  reader  is  urged  to  note  the  discussion  of  this  by  Bates  and  Zon  (4)  where  it  is  made  plain  that  a 
constant  ratio  between  wilting  coefficient  and  moisture  equivalent  is  impossible  if  a  wide  variety  of  soil 
types  is  considered. 
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The  important  thing  shown  by  Table  XIX  is  that  the  wilting  co¬ 
efficients  of  yellow  pine,  Douglas  fir,  and  Engelmann  spruce  are  essentially 
the  same  in  all  the  soils,  while  that  for  lodgepole  pine  is  much  higher. 
There  is,  moreover,  no  evident  reason  for  the  fact  that  in  some  of  the 
soils  (sandstone  and  prairie  shale)  the  wilting  coefficient  for  spruce  is 
lower  than  for  either  pine  or  Douglas  fir.  We  must,  at  least  at  this  stage, 
regard  these  variations  as  accidental.7 

It  will  now  be  well  worth  while  to  determine  whether,  as  between  any 
two  of  these  apparently  equal  species,  a  greater  number  of  results  brings 
out  any  difference.  A  very  considerable  amount  of  data  has  been  secured 
on  Douglas  fir  and  spruce  growing  in  the  same  soils.  In  introducing 
these  data  it  is  desirable  to  point  out: 

1.  That  ocular  observations  on  wilting,  especially  when  the  moisture 
supply  is  steadily  declining,  tend  to  favor  Douglas  fir,  because  that 
species  has  a  much  stronger  and  more  fibrous  stem  and  rarely  collapses. 
The  evidence  of  wilting  is,  therefore,  much  less  plain  than  in  the  frail 
spruce  seedling,  and,  it  seems  likely,  may  not  be  obtained  until  a  day  or 
two  after  the  fatal  condition  has  first  existed. 


Table  XIX. — Wilting  coefficients  of  the  four  important  species  in  5  types  of  soil 


Capillary 

moisture. 

Moisture 

Mean  wilting  coefficients,  best  25  per  cent  of  the 
seedlings. 

Kind  of  soil. 

equivalent 
100  grav¬ 
ity. 

Yellow 

pine. 

Lodgepole 

pine. 

Douglas 

fir. 

Engel¬ 

mann 

spruce. 

Average 
of  four. 

Granitic  gravel  sandy 

Per  cent. 

Per  cent. 

Per  cent. 

Per  cent. 

Per  cent. 

Per  cent. 

Per  cent. 

loam . 

26. 5s 

10.  55 

2. 28 

2.  42 

2. 16 

2. 26 

2. 28 

Composite  limestone 
loam . 

3i-  8S 

22.  OO 

3-  23 

4.  12 

3-  56 

3-  5° 

3. 60 

Composite  sandstone 
loam . 

35-  34 

21.  77 

4.  IO 

5-  29 

4-  3° 

3-  93 

4. 40 

Prairie  silt  loam  from 
shale . 

37-  77 

28.  79 

0 

00 

8.  69 

7-  79 

7-  43 

7-  93 

Composite  lava  silt 
loam . 

43.  16 

27.  80 

4-  5 2 

6.  00 

4-  97 

4.  87 

5-  °9 

Average . 

4-39 

5-  3° 

4-  56 

4.  40 

4.  66 

2.  That  in  the  early  stages  of  development  Douglas  fir  roots  more 
strongly  than  spruce  and  its  roots  reach  a  greater  soil  area,  but 
particularly  in  these  pan  tests  they  reach  the  deepest  layer  of  soil 
which  may  not  be  drawn  on  at  all  by  the  spruce  if  the  wilting  is  accom¬ 
plished  at  an  early  age.  (See  Plate  7,  B.) 

3.  Therefore,  in  these  tests  it  is  evident  that  if  spruce  seedlings  tolerate 
as  great  a  degree  of  drought  as  fir,  the  moisture  being  known  only  through 
the  whole  pan  weight,  it  must  be  through  greater  ability  to  extract  water 
from  the  soil. 

From  Table  XX  it  will  be  evident  that  the  wilting  coefficient  for  spruce 
is,  on  the  whole,  higher  than  that  for  Douglas  fir.  The  difference  is  only 
about  3  per  cent  of  the  value  for  fir.  Of  the  23  cases  cited,  only  6  give 
spruce  a  lower  value  than  fir,  and  5  of  these  6  are  among  the  loose  gravels 

7  Since  the  foregoing  statement  was  written  very  convincing  results  have  become  available  showing  the 
different  effects  of  each  of  these  soils  in  stimulating  the  growth  of  each  species,  both  according  to  chemical 
composition  of  the  soil  and  the  concentration  of  its  solution.  It  can  hardly  be  questioned  that  this  has  a 
direct  bearing  on  the  behavior  of  the  seedlings  as  the  wilting  point  is  approached,  and  in  fact  that  this  entire 
problem  is  quite  as  much  one  of  chemical  relations  as  of  the  physical  relations  which  have  been  discussed  in 
this  paper.  It  is  hoped  that  something  may  be  published  on  this  chemical  phase  in  the  near  future. 
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or  sands  of  granitic  origin,  while  only  1  is  found  in  the  more  loamy  soils. 
This  is  at  least  suggestive  that  in  the  soils  of  freer  capillary  movement 
the  very  meager  root  system  of  spruce  is  not  so  great  a  disadvantage. 
From  these  facts  we  certainly  can  not  draw  the  conclusion  that  in  the 
osmotic  sense  spruce  has  any  less  control  over  soil  moisture  than  fir. 

,  INDIRECT  COMPARISONS  OP  THE  SPECIES 

A  very'  considerable  amount  of  information  has  been  secured  in  the 
somewhat  routine  process  of  determining  the  wilting  coefficients  for  a 
large  number  of  soils  of  almost  every  possible  origin  in  connection  with 
nearly  every  study  in  which  soil  quality  or  soil  moisture  has  been  an 
important  factor.  For  the  most  part  the  uniting  coefficients  have  been 
determined  for  each  soil  only  with  respect  to  one  species,  that  one  being 
the  species  which  characterized  the  soil  or  site  in  the  field.  It  is  obviously 
necessary,  before  these  results  may  be  used  for  a  comparison  of  the  species, 
that  each  result  should  be  related  to  some  other  measure  of  the  moisture¬ 
holding  properties  of  the  soils,  and  the  best  measure  at  present  available 
for  any  considerable  number  of  the  soils  is  the  moisture  equivalent  at  100 
gravity.  As  we  have  seen  in  Table  XX,  however,  even  this  does  not  bear 
a  constant  relation  to  wilting  coefficients,  when  radically  different  types 
of  soil  are  considered.  Particularly  does  it  seem  that  the  coarse-grained 
granitic  soils  of  the  Pikes  Peak  region,  which  we  have  studied  more  than 
any  other,  have  an  unusually  weak  hold  on  the  water  until  the  amount 
is  brought  close  to  the  wilting  coefficient,  so  that  the  moisture  equivalents 
of  these  soils  are  relatively  low. 

Table  XX. — Comparative  wilting  coefficients  of  spruce  and  Douglas  fir  in  the 

same  soils 


Kind  of  soil. 


Granitic  gravels  over  50  per  cent 
rocks  and  coarse  gravel,  less  than 
20  per  cent  silt  and  clay. 


Granitic  sandy  loam . 

Granitic  spruce  soils,  varying  from 
rocky  coarse  sand  to  silt  loam. 


Quartz  latite  rocky  sandy  loams. .  . 


Average  of  all . 

Mean  difference . 

Probable  error  in  mean  difference. 


Moisture 

equivalent. 

Wilting  coefficient. 

Ratio  of  wilting 
coefficient  to  moisture 
equivalent. 

Fir. 

Spruce. 

Fir. 

Spruce. 

Per  cent. 

Per  cent. 

Per  cent. 

3- 

S3 

1. 30 

I. 

39 

0.  368 

o-  394 

4- 

35 

i-  73 

I. 

94 

•398 

•  446 

4- 

86 

2. 05 

2. 

03 

.  42  2 

.  418 

5- 

03 

i-  77 

I. 

80 

•  352 

.358 

5- 

04 

2. 14 

2. 

23 

•  424 

.  442 

5- 

06 

2. 54 

2. 

34 

•  5°2 

.  462 

5- 

19 

2.  OI 

I. 

87 

•  387 

■  36° 

5- 

57 

1.  94 

I. 

71 

•  348 

•  3°7 

5- 

62 

2. 13 

2. 

6l 

•  379 

•  464 

II. 

°5 

2.  94 

2. 

91 

.  266 

•  263 

II. 

68 

2.  72 

2. 

88 

•  233 

.  246 

II. 

72 

2-  53 

2. 

79 

.  216 

•  238 

14. 

45 

3-  42 

4- 

°9 

•  239 

.  283 

19. 

95 

6.  41 

6. 

44 

.321 

•  323 

20. 

32 

5.  60 

5- 

78 

.  276 

.  284 

22. 

02 

5-  25 

5- 

6l 

•238 

•  25S 

26. 

30 

8-  34 

8. 

17 

■  3G 

•  31 1 

29. 

84 

7-  44 

7- 

98 

•  249 

.  268 

42. 

72 

r7-  09 

i7- 

40 

.  400 

•  4°7 

73- 

5° 

17-  53 

18. 

56 

■  238 

•  253 

II. 

96 

5-  13 

5- 

20 

•  429 

•  435 

i3- 

98 

6.  96 

7- 

14 

•  498 

•  5IQ 

14- 

85 

5-  72 

6. 

04 

•  385 

.  407 

•  3427 

•  3537 
.  0110 

.  0029 
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Table  XXI. — Miscellaneous  wilting  coefficients . 
YELLOW  PINE 


Station  or  forest. 

Origin  and  character  of  soil. 

Moisture 

equiva¬ 

lent. 

Wilting 

coeffi¬ 

cient. 

Per  cent. 
3-  72 
12.  36 

Per  cent. 

0.  54 
2.51 

. do . 

Aeolian  bottom  very  fine  sand . . 

Fremont  F-2. . . 

Granite  gravel . 

5-4i 

1. 16 

5-91 

2. 63 

9.  29 

5.  20 

3-  67 

I-  79 

Fremont  F-4. . . 

Granite  gravel . 

4.  69 
3-  70 
6.  73 

5-  24 
4.  48 
5-  87 

1-43 

2.  44 

2.  65 
1.85 
1-99 

I-  97 

2.  36 

I-  53 
1.68 

8.  91 

6.  76 
30.  55 

Black  Hills . 

15-  33 

2.  58 

6.  41 

22.  30 
19.  06 
16.  96 
21-95 

9-97 

3-  77 

Wagon  wheel 

Quartz  latite  loam . 

Gap. 

28.  23 

28.  05 

29.  66 
27.  27 

18.43 

12.  57 

9.  89 
10.  14 
10.  40 

7-  50 

Wagon  wheel 

Quartz  latite  sandy  loam . 

Gap. 

Fremont . 

Granitic  sandy  loam . 

10.  42 

4.09 

Sam¬ 

ple 

No. 


326 

32s 

70 

71 

72 

73 

78 

79 

80 
26 

29 

25 

121 
132 
130 
124 

117 

53 

55 

62 

63 

122 
127 

101 

102 

103 

104 
632 


Ratio  of 
wilting 
coeffi¬ 
cient  to 
moisture 
equiva¬ 
lent. 


o.  145 

•  203 

.  214 

•445 

•456 

•395 

•344 

•  273 

•387 

•363 

•  5©6 
•413 
•339 

.427 

.  265 

•  232 

•  249 

•  502 
.  161 
.  287 
.328 

.587 

.  172 

•445 

•342 

•342 

.382 

.407 

•392 


Conditions  of  test. 


Without  paraffin. 
Do. 


Do. 

Do. 

Do. 

Do. 

Do. 

Do. 

Do. 


Do. 

Do. 

Do. 

Do. 


LODGEPOLE  PINE 


6 

. do . 

Transported  fine  sandy  loam. . . 

13-  65 

2.  96 

.  217 

262 

Medicine  Bow. . 

Gneiss  coarse  sand . 

13-  45 

4.  72 

•35i 

Without  paraffin. 

Do. 

Do. 

.  100 

Do. 

127 

Wagon  wheel 

Quartz  latite  loam . 

2i-  95 

4-  41 

.  201 

Gap. 

.  089 

Do. 

57 

Fremont  F-10. . 

Granitic  sandy  loam . 

9.  27 

3-  55 

.383 

43 

Colorado . 

10.  39 

3-34 

•  322 

DOUGLAS  FIR 


8 

66 

Fremont  F-i. . . 

Granite  gravel . 

4.  29 

2.31 

•  538 

68 

•  175 

69 

. do . 

Granite  sand . 

8.  25 

2.  13 

•  258 

17 

Fremont  F-7. . . 

Granite  gravel . 

4.  71 

1.  26 

.268 

•  251 

18 

.  191 

127 

Wagon  Wheel 

Quartz  latite  loam . 

2i-  95 

5. 11 

•  233 

Without  paraffin 

Gap. 

533 

Medicine  Bow. . 

Gneiss  fine  sandy  loam . 

1 2.  90 

4.  04 

•313 

4-  88 

•  354 

•  301 

559 

. do . 

Gneiss  fine  sand . 

10.  22 

3-  76 

.368 
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Table  XXI.— -Miscellaneous  wilting  coefficients — Continued 


ENGELMANN  SPRUCE 


Station  or  forest. 

Origin  and  character  of  soil. 

Fremont  F-3. . . 

Granitic  gravel . 

Fremont  F-5. . . 

Wagon  Wheel 
Gap  D. 

Quartz  latite  sandy  loam . 

. do . 

Wagon  Wheel 
Gap  A-i. 

Transported  fine  sandy  loam. . . 

Lead  ville . 

Battlement .... 
. do . 

Lava  loam . 

Bighorn . 

. do . 

Gunnison . 

Moisture 

equiva¬ 

lent. 

Wilting 

coeffi¬ 

cient. 

Ratio  of 
wilting 
coeffi¬ 
cient  to 
moisture 
equiva¬ 
lent. 

Conditions  of  test. 

7-87 

i-  54 

0. 196 

Without  paraffin. 

6-  53 

x-  5i 

•  231 

Do. 

3.99 

1.  50 

•  364 

Do. 

3-  99 

1.  40 

•  35i 

With  paraffin. 

6.  74 

2.  12 

•3i5 

Without  paraffin. 

7.  62 

2.  64 

•347 

Do. 

6.  68 

1.  98 

.  297 

Do. 

20.  50 

7-  56 

•  369 

17-38 

3-  59 

.  207 

17.  72 

4-  14 

•  234 

18.43 

6-93 

■  376 

10.  42 

3-  73 

•358 

13-  65 

3.  22 

.  236 

45-  40 

7.  60 

.  168 

Do. 

30. 16 

4-  93 

•  163 

Do. 

21-83 

3-  73 

.  171 

Do. 

17.  40 

2.88 

.  166 

Do. 

13-  63 

2.  17 

•  159 

Do. 

28.  l6 

3-31 

.  118 

Do. 

22.  78 

2.  69 

.  118 

Do. 

Sam¬ 

ple 

No. 


74 

75 

76 
76 
35 

33 

34 
no 

hi 

112 

632 


6 

243 

231 

232 

205 

206 
222 
221 


In  Table  XXI  there  are  presented  all  the  wilting  coefficients  which  have 
not  been  given  in  the  two  preceding  tables,  and  for  which  the  correspond¬ 
ing  moisture  equivalents  are  available.  On  examining  the  data,  how¬ 
ever,  it  is  readily  seen  that  in  each  group  those  tests  which  have  been 
made  without  coating  the  soil  with  paraffin  give  much  lower  coefficients 
than  those  in  which  the  soil  was  coated.  This  is  as  might  be  expected 
and,  since  the  proportion  of  such  tests  is  variable  in  the  different  groups, 
it  seems  best  to  discard  all  data  obtained  in  this  way.  We  then  obtain 
the  following  averages : 


Species. 

Num¬ 

ber 

of  tests. 

Mean 

moisture 

equivalent. 

Mean  ratio 
wilting  co¬ 
efficient  to 
moisture 
equivalent. 

Yellow  pine . 

16 

Per  cent. 

8.  42 
12.  90 
8.  76 
14. 58 

°.  382  5 
.  3468 
■  3065 

Lodgepole  pine . 

Douglas  fir . 

Engelmann  spruce . 

7 

When  allowance  has  been  made  for  the  fact,  which  is  evidenced  by  the 
mean  moisture  equivalents,  that  three-fourths  of  the  usable  data  for 
yellow  pine  and  half  of  that  for  Douglas  fir  were  obtained  with  granitic 
gravel,  or  sand  soils,  although  these  soils  do  not  much  effect  the  other 
two  groups,  it  is  definitely  decided  that  wilting  coefficients  are  much  lower 
for  Douglas  fir  than  for  yellow  pine,  probably  somewhat  lower  for  yellow 
pine  than  for  lodgepole,  and  certainly  lower  for  Douglas  fir  than  for 
spruce. 
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With  this  confirmatory  evidence,  no  hesitancy  need  be  felt  in  placing 
these  four  species  in  the  following  approximate  relationships: 


Species. 

Approxi¬ 
mate  mean 
ratio  of 
wilting  co¬ 
efficients  to 
moisture 
equiva¬ 
lents  on 
common 
basis  of  soil 
qualities. 

Species. 

Approxi¬ 
mate  mean 
ratio  of 
wilting  co¬ 
efficients  to 
moisture 
equiva¬ 
lents  on 
common 
basis  of  soil 
qualities. 

Lodgepole  pine . 

Yellow  pine . 

35 

•33 

Engelmann  spruce . 

Douglas  fir . 

o.  32 

•  31 

Certainly,  from  all  the  evidence  available,  the  differences  between  the 
species  are  not  any  greater  than  here  indicated.  From  all  that  we  have 
found,  it  would  probably  be  fair  to  say  that  in  actual  ability  to  stand 
drought,  at  least  for  the  conditions  existing  in  these  pan  tests,  there  is  no 
essential  difference  between  yellow  pine,  Engelmann  spruce,,  and  Douglas 
fir,  the  greater  frailty  and  slow  rooting  of  the  spruce  as  compared  with 
fir  or  pine  being  balanced  by  an  actually  stronger  affinity  of  the  spruce  for 
any  water  within  reach  of  its  roots.  On  the  other  hand,  lodgepole  seems 
to  stand  out  both  as  frail  and  slow-rooting,  and  with  no  compensating 
development  of  high  sap  density  or  osmotic  pressure,  so  that  it  does 
succumb  to  drought  much  sooner  than  the  others.  In  one  test  only, 
limber  pine  and  bristlecone  pine  have  shown  themselves  in  practically 
the  same  class  as  yellow  pine. 

RESISTANCE  to  excessive  heat 

The  sap  densities  observed  in  seedlings,  and  the  relative  rates  of  tran¬ 
spiration  as  apparently  affected  thereby,  gave  rise  to  the  suggestion  that 
there  might  be  a  specific  difference  in  heat  requirements  based  on  this 
same  set  of  internal  conditions.  While,  on  the  one  hand,  the  freely 
transpiring  species  of  low  sap  density  would  seem  to  require  a  warm 
environment  to  counteract  the  cooling  effect  of  this  transpiration,  on  the 
other  hand,  the  species  of  high  sap  density,  which  also  seem  to  function 
more  fully  than  others  without  full  direct  sunlight,  appear  to  be  always 
in  danger  of  becoming  overheated  because,  for  some  physical  reason  not 
fully  explained,  the  heat  absorbed  is  not  so  fully  utilized  in  evaporation. 

One  thing  which  the  close  observation  of  seedlings  in  the  wilting  tests 
has  made  very  plain  is  that  at  an  early  age  all  seedlings  are  very  sus¬ 
ceptible  to  injury  just  where  the  stems  are  in  contact  with  the  surface 
soil.  At  times  it  has  seemed  as  though  moisture  absorbed  by  the  roots 
might  be  extracted  from  the  stems  at  this  point,  so  blanched  and  shrunken 
do  they  become  as  soon  as  the  surface  of  the  soil  becomes  dry.  On 
the  other  hand,  it  is  perfectly  evident  that,  as  soon  as  the  surface  soil 
ceases  to  possess  moisture  to  keep  its  temperature  down,  it  may  in  sun¬ 
light  easily  become  by  far  the  warmest  part  of  the  environment.  The 
measurement  of  the  temperature  at  the  warmest  point  is  exceedingly 
difficult,  but  the  showing  of  thermometers  more  or  less  submerged 
indicates  that  the  soil  surface  not  infrequently  attains  a  temperature 
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of  1600  F.  It  is,  therefore,  readily  seen  that  in  soils  exposed  to  sun¬ 
light  the  injury  resulting  from  drought  at  the  surface  may  be  indis¬ 
tinguishable  from  that  due  to  superheating.  Under  ordinary  circum¬ 
stances  the  two  injurious  conditions  will  be  inseparable. 

The  difficulty  of  determining  the  heat  tolerance  of  seedlings  at  the 
point  where  they  are  commonly  injured  by  heat  is,  because  of  the  in¬ 
fluence  of  moisture,  very  great.  We  have  not  been  able  to  conceive 
a  test  of  heat  tolerance  in  the  normal  sense,  except  through  the  employ¬ 
ment  of  sunlight  or  some  other  more  powerful  radiant  energy.  Every 
other  possible  plan  of  exposure  to  heat  seems  to  have  the  objectionable 
result  of  injuring  the  foliage  first,  which  rarely  happens  in  nature,  or 
of  preventing  normal  evaporation  with  whatever  protection  that  may 
afford. 

Therefore,  the  only  test  8  that  has  been  made  to  determine  the 
relative  tolerance  of  heat  by  forest-tree  seedlings  has  been  on  this  basis 
of  obtaining  as  high  temperatures  as  possible  in  sunlight,  with  the  air 
to  some  extent  artificially  warmed.  The  actual  temperatures  attained 
were  measured  only  so  far  as  was  possible  by  placing  mercurial  ther¬ 
mometers  directly  above  the  soil  surface.  The  seedlings  of  each  species 
were  developed  in  several  pans,  each  of  which  represented  a  different 
moisture  content.  Because  of  the  fact  that  the  largest  amounts  of 
soil  moisture  permitted  almost  no  injury,  the  moisture  contents  were 
in  several  cases  lowered  before  the  test  was  completed,  so  that  the 
record  is  considerably  confused.  From  the  data  secured,  however,  the 
following  conclusions,  admittedly  tentative,  may  be  drawn: 

1.  Injury  to  seedlings  from  excessive  heat  is  plainly  greatest  when 
the  seedlings  are  youngest.  This  introduces  a  complicating  factor  in 
the  test,  because  exposures  to  high  temperatures  were  begun  before 
germination  was  entirely  completed  and  when,  therefore,  there  was 
the  most  marked  difference  in  ages.  Engelmann  spruce  ordinarily 
germinates  most  promptly  and  spontaneously.  Consequently,  while 
there  was  marked  early  damage  to  this  species,  the  fact  that  there  were 
few  later  germinations  left  the  species  then  immune  for  some  time. 
Lodgepole  pine  exhibits  just  the  opposite  characteristics  and  effects. 

2.  Seedlings  which  survive  a  certain  degree  of  exposure  are  not  likely 
to  be  injured  until  the  conditions  become  considerably  more  severe. 

3.  The  ease  with  which  any  species  may  be  injured  increases  very 
markedly  as  the  moisture  content  of  the  soil  decreases.  With  the  lowest 
content,  3  per  cent,  which  in  this  soil  was  appreciably  above  the  wilting 
coefficient,  it  may  be  questioned  whether  the  injury  was  not  due  to 
drought  almost  wholly,  since  between  waterings  the  wilting  coefficient 
of  the  soil  was  reached. 

4.  At  all  times  the  nature  of  the  wilting  was  indistinguishable  from 
that  which  occurs  with  simliar  seedlings  when  no  excessive  heat  is  in¬ 
volved.  Consequently,  it  appears  that  wilting  may  be  due  as  much 
to  inability  to  supply  transpiration  losses  as  to  the  direct  effects  of  the 
temperatures.  The  fact  that  no  wilting  was  secured  with  14  per  cent 
moisture  appears  to  bear  out  this  idea,  j^et  it  must  be  remembered  that 
this  free  moisture  may  have  greatly  reduced  the  temperature  extremes 
of  the  surface  soil.  The  fact  that  temperatures  recorded  just  above 
the  soil  were  not  in  excess  of  1350  F.  further  suggests  that  wilting  was 
the  result  of  transpiration  losses  rather  than  a  direct  temperature  effect 
on  the  protoplasm. 


8  Credit  for  the  conduct  of  this  test  should  be  given  to  Forest  Asisstant  J.  Roeser,  jr. 
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5.  With  this  understanding  of  the  situation  we  may  say  that  in  this 
test  Engelmann  spruce  and  lodgepole  pine  were  most  susceptible,  while 
Douglas  fir  and  yellow  pine  were  about  equally  resistant.  The  factor 
which  seems  to  control  susceptibility  is  mainly  structural  rather  than 
physiological — that  is,  it  is  the  small  mass  of  the  spruce  and  lodgepole, 
and  possibly  their  weak  rooting,  which  causes  them  to  stand  out  in 
contrast  to  yellow  pine  and  Douglas  fir  under  extreme  drying  conditions 
of  relatively  short  duration. 

This  pairing  of  spruce  with  lodgepole  suggests  as  strongly  as  do  the 
high  wilting  coefficients  for  lodgepole  the  very  poor  ability  of  the  latter 
to  supply  itself  with  water;  but,  in  the  light  of  the  other  facts  secured, 
the  same  cause  will  not  fully  explain  the  behavior  of  spruce.  It  is 
believed  it  would  be  fairer  in  the  case  of  spruce  to  say  that  high  tem¬ 
peratures  in  direct  sunlight  create  high  internal  temperatures  and  some 
direct  heat  injury.  This  hair-splitting  distinction  is  necessary  for  the 
proper  physiological  interpretation  which  will  agree  with  the  other  facts 
at  hand.  It  may  be  added  that  the  susceptibility  of  spruce  to  injury  in 
sunlight  has  been  very  evident  in  many  of  the  wilting  coefficient  tests. 

EVIDENCE  OF  WINTERKILLING 

Winterkilling  of  trees  is  generally  recognized  as  the  direct  result  of 
evaporation  from  the  leaves  or  twigs  at  times  when  moisture  can  not  be 
supplied  to  replace  the  loss,  owing  to  a  frozen  condition  of  the  soil.  It  is, 
of  course,  not  confined  to  evergreen  trees  but  may  affect  fruit  trees,  or 
even  such  hardy  forest  trees  as  honey  locust,  when  devoid  of  foliage. 

The  conditions  for  winterkilling  are  usually  provided  by  a  very  rapid 
rise  in  air  temperatures  and  by  wind  which  facilitates  evaporation. 
The  soil,  of  course,  warming  more  slowly  than  the  air,  may  not  free  its 
moisture  for  many  hours  after  the  beginning  of  the  unseasonable  air 
conditions.  Likewise,  if  the  tree  stems  have  been  thoroughly  frozen, 
they  may  not  be  able  to  transport  water  until  a  great  loss  from  the 
leaves  and  small  twigs  has  occurred. 

The  conditions  conducive  to  winterkilling  are  especially  likely  to  be 
produced  near  the  base  of  the  Rockies  from  northern  Colorado  northward. 
The  coniferous  forests  which  are  subject  to  this  form  of  injury  are  there¬ 
fore  the  low-lying  yellow  pine  forests  of  the  Black  Hills  and  eastern 
Montana.  Here  the  Chinook,  a  warm  wind  occurring  at  a  season  when 
the  normal  temperatures  are  below  freezing,  attains  its  most  typical 
development. 

A  typical  Chinook  has  not  been  noted  within  the  locality  of  the  present 
study.  It  has  been  shown,  however,  that  in  the  Pikes  Peak  region  the 
winds  from  January  to  March  possess  the  powers  of  a  modified  Chinook. 
While  they  do  not  often  bring  extremely  large  rises  in  air  temperatures, 
they  are  of  high  velocity,  the  air  is  dry,  and  the  soils  at  all  elevations, 
unless  strongly  isolated,  are  likely  to  be  deeply  frozen  and  remain  so 
throughout  the  duration  of  the  wind,  which  is  often  two  or  three  days. 

The  Pikes  Peak  region  therefore  presents  a  good  opportunity  for  tht 
study  of  the  relative  resistance  of  the  several  species  to  this  form  of 
drought,  for  the  desiccating  influence  is  not  confined  to  the  low  zone 
where  only  yellow  pine  occurs. 

The  present  writer  ( 2 )  has  described  in  some  detail  the  cumulative 
effects  of  winds  occurring  at  the  Fremont  Station  in  January  and  March, 
1916.  It  was  shown  that  on  a  south  exposure  where  yellow  pine,  Douglas 
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fir,  and  limber  pine  grow  in  a  mixed  stand,  Douglas  fir  at  first  showed  a 
more  pronounced  discoloration,  but  later  the  injury  to  yellow  pine  was 
seen  to  be  much  more  severe,  as  only  this  species  was  defoliated.  This 
injury  was  always  much  more  pronounced  on  the  west  (windward)  side 
of  a  tree,  but  it  varied  with  different  specimens,  partly  because  the 
ground  is  strewn  with  large  boulders  which  deflect  the  wind  and  also 
reflect  sunlight.  While  in  no  case  fatal  (and  even  the  general  injury  in 
the  Black  Hills  in  1909  caused  a  very  small  percentage  of  deaths),  this 
defoliation  obviously  must  have  a  retarding  effect  on  the  growth  of  the 
whole  tree.  That  the  same  kind  of  injury  occurs  at  intervals  of  a  few 
years,  and  that  it  hits  “twice  in  the  same  spots,”  seems  to  be  indicated 
by  the  one-sided  development  of  most  of  the  trees  which  were  injured 
in  1916  (see  PI.  7,  A).  Buds  and  branches  were  rarely  injured  in  this 
case,  and  new  foliage  appeared  almost  as  early  as  on  unaffected  trees 
or  parts. 

In  the  nursery,  where  there  was  no  snow  to  furnish  protection  during 
most  of  the  winter,  a  better  comparison  of  the  species  was  possible  be¬ 
cause  of  the  uniform  conditions  of  soil  and  exposure.  Yellow  pine  stock 
was  damaged  more  than  Douglas  fir;  Douglas  fir  far  more  than  spruce. 
In  fact,  in  only  a  few  cases  was  spruce  even  discolored.  With  lodgepole 
the  injury  was  usually  confined  to  an  exposed  branch  or  leader,  suggesting 
incomplete  ripening  of  the  previous  season’s  growth. 

This  indicates,  as  do  all  other  data,  that  spruce  can  bear  drying  to  a 
greater  degree  than  the  other  species,  or  at  least  that  it  resists  the  dry¬ 
ing  better,  which  comes  to  the  same  result.  It  is  perhaps  significant  of 
the  moisture-conserving  adaptation  of  limber  pine,  which  has  been 
indicated  by  the  transpiration  tests,  that  there  was  no  apparent  injury  to 
this  species  on  the  south  slope  where  yellow  pine  was  most  plainly  injured. 
It  resisted  wyind-drying  of  this  kind  as  well  as  any  species.  On  the  other 
hand,  during  the  summer  drought  of  1917,  limber  pine  was  the  only 
species  showing  injury  to  trees  of  large  size. 

«» 

SUMMARY 

The  relative  qualities  of  the  important  forest  trees  of  the  Central 
Rocky  Mountains,  primarily  from  the  standpoint  of  moisture  relations, 
have  been  approached  from  five  different  angles.  No  one  of  these  efforts 
has  been  free  from  errors,  and  no  one  would  alone  carry  conviction,  but 
the  several  results  are  corroborative  with  only  insignificant  exceptions. 
These  comparisons  of  the  species  have  been  made  on  the  basis  of — 

1.  Measurements  of  the  water  used  in  relation  to  growth  and  leaf  ex¬ 
posure  of  3-  to  9-year-old  trees,  under  uniform  conditions  for  all  species. 

2.  Comparisons  of  sap  density  under  uniform  and  varying  growth  con¬ 
ditions. 

3.  Measurements  of  the  moisture  of  soils  not  available  to  young  seed¬ 
lings  by  direct  comparisons  of  the  species  and  also  under  varying  con¬ 
ditions  as  to  soil  quality  and  atmospheric  stresses. 

4.  Observations  on  fatality  among  seedlings  under  high  temperature 
conditions. 

5.  Observations  on  the  resistance  to  winter  drought  of  specimens 
growing  side  by  side,  and  as  measured  by  the  extent  of  injury  to  foliage. 

It  will  have  become  apparent  that  there  are  several  aspects  of  the 
moisture  relations,  that  the  several  species  studied  do  not  always  stand  in 
the  same  relation  one  to  the  other,  and  that  it  is  not  even  possible  to  state 
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that  of  the  Rocky  Mountain  species  one  is  distinctly  more  drought-re¬ 
sistant  than  the  others.  The  mositure  relations  apparently  vary  much 
with  the  other  environmental  conditions,  and  it  is  perhaps  the  most 
important  feature  of  this  paper  that  a  somewhat  logical  relationship  has 
been  shown  to  exist  between  moisture  requirements  and  other  require¬ 
ments  of  each  species. 

We  may,  then,  briefly  outline  the  theory  and  at  the  same  time  observe 
how  closely  it  applies  to  the  behavior  of  each  species  under  each  of  the 
situations  that  has  been  presented.  We  may  take  as  our  starting  point 
the  relative  “tolerance  to  shade”  of  the  several  species,  because  this  is  a 
character  which  always  has  been  quite  closely  observed  by  foresters  and 
in  which,  empirically,  rather  definite  lines  have  been  drawn. 

Briefly  the  physiological  requirements  appear  to  be  related  on  this 
basis : 

1.  The  species  of  greatest  shade  tolerance  or  greatest  ability  to  make 
effective  use  of  sunlight  in  photosynthesis  will  possess,  other  conditions 
remaining  equal,  after  a  period  permitting  accumulation  the  greatest 
amount  of  soluble  carbohydrates  in  the  leaves.  In  this  fundamental 
respect  we  shall  adhere,  at  least  tentatively,  to  the  classification  in¬ 
dicated  by  the  December,  1917,  sap  densities,  as  shown  in  Table  XIII, 
placing  spruce  at  the  head  of  the  list  of  our  indigenous  species,  followed 
by  Douglas  fir,  lodgepole,  bristlecone,  yellow,  and  limber  pines. 

2.  The  presence  of  considerable  quantities  of  carbohydrates  augment¬ 
ing  other  solutes  creates  a  dense  sap,  or  solution,  which  does  not  evaporate 
so  readily  as  a  dilute  solution.  Because  of  the  osmotic  pressure  exerted 
by  a  dense  solution,  there  should  at  the  same  time  be  greater  ability  to 
extract  water  from  the  soil,  though  there  is  no  evidence  that  at  the  end 
of  the  struggle  one  species  tolerates  appreciably  greater  drought  than 
the  others. 

3.  The  presence  of  these  solutes  in  large  quantities  is  also,  naturally, 
conducive  to  a  high  growth  rate. 

4.  By  restricting  evaporation,  the  soluble  carbohydrates  may  increase 
the  net  amount  of  the  light  energy  available  for  photosynthesis,  so  that, 
whatever  the  original  quality  which  made  the  plant  effective,  this  quality 
is  augmented  by  its  own  results. 

5.  By  restricting  the  use  of  heat  in  evaporation,  however,  the  dense 
cell  sap  may  not  only  reduce  the  relative  heat  or  light  requirement  of  the 
species  but  may  subject  it  to  the  danger  of  superheating.  Of  all  the 
possible  influences  of  the  specific  differences  which  give  rise  to  the  cell- 
sap  differences,  it  is  believed  this  is  the  most  important  ecologically  and 
the  most  potent  in  its  effect  on  the  distribution  of  the  species.  If  we 
assume  distribution  to  be  controlled  primarily  by  this  physiological 
factor,  it  becomes  fairly  simple  to  see  how  adjustments  have  been  made 
to  meet  other  conditions  of  the  environment,  principally  in  the  form  of 
structural  adaptations,  which  differentiate  the  species  beyond  that 
difference  which  may  arise  from  photosynthetic  efficiency,  and  which 
may  to  a  certain  extent  compensate  for  the  physiological  deficiencies. 

If  wre  accept  the  heat  hypothesis  as  fundamental,  we  mean  that  each 
species  will  be  limited  in  its  distribution  rather  sharply  by  the  maximum 
temperatures  which  it  can  tolerate  (probably  in  the  early  seedling  stage) 
and  also  limited  in  its  growth  by  its  minimum  requirements,  so  that  at  a 
certain  low  temperature  it  is  unable  to  compete  with  more  highly  devel¬ 
oped  species  and  hence  loses  its  dominance  in  the  forest.  In  the  moun¬ 
tain  forests,  therefore,  wre  should  expect  to  find  the  six  species  zonated 
according  to  temperatures,  in  the  order  named  just  above. 
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This  zonation  holds,  definitely,  however,  only  for  Engehnann  spruce, 
Douglas  fir,  and  yellow  pine,  which  we  have  shown  to  be  so  equally 
developed  as  forest  dominants  that  the  fundamental  physiological  differ¬ 
ences  control  all  their  relations.  With  the  three  more  or  less  weedy  pines 
there  are,  plainly,  adaptations  which  are  equally  effective  or  more  effective 
in  controlling  distribution.  It  is  significant  of  the  importance  of  high 
temperatures  as  absolute  limitations  that  these  three  species  are  all  found 
in  higher  and  cooler  zones  than  their  physiological  conditions  necessitate. 

Supplementing  physiological  characters,  we  may  have  stomatal  reduc¬ 
tion,  thickened  epidermis,  or  clustered  leaves,  all  tending  to  reduce  the 
absolute  transpiration,  but,  while  doing  so,  inevitably  reducing  either 
the  intake  of  carbon  dioxid  or  the  effectiveness  of  sunlight  so  that 
photosynthesis  and  growth  are  reduced  perhaps  even  more  than  is  water 
loss.  This  seems  to  be  the  general  line  of  protective  development  in  the 
“weed”  trees,  limber  pine  and  bristlecone  pine,  and  to  a  lesser  extent 
in  lodgepole  pine. 

Again,  resulting  from  gradual  adjustment  to  the  moisture  conditions 
which  accompany  certain  heat  conditions,  the  forest  trees  have  different 
root  habits,  or  (shall  we  say  ?)  are  unequally  stimulated  to  root  develop¬ 
ment.  It  is  believed  that  temporary  stimulus  has  much  to  do  with 
it,  but  inherited  habit  still  more.  Be  that  as  it  may,  yellow  pine  and 
Douglas  fir  root  much  more  vigorously  at  an  early  age  than  lodgepole 
pine  or  spruce.  Almost  as  divergent  are  the  germinating  rates  of  the  seed, 
lodgepole  pine  standing  out  as  the  most  sluggish  of  the  six  species  studied. 

In  the  strictly  physiological  sense,  spruce  is  undoubtedly  the  most 
highly  developed  of  the  indigenous  species  we  have  considered.  This 
is  evidenced  by  the  sap  densities  which  the  trees  show  after  long  seasons 
of  photosynthesis  and  by  the  amount  of  growth  made  in  relation  to  the 
total  amount  of  the  water  consumed. 

In  actual  water  consumed  by  a  tree  exposing  a  unit  area  to  light  (and 
wind)  spruce  is  again  the  most  economical,  followed  by  Douglas  fir, 
bristlecone,  limber,  yellow,  and  lodgepole  pines.  In  this  consideration, 
it  is,  almost  without  question,  the  special  adaptations  of  the  weed  pines 
which  put  them  down  as  only  moderately  extravagant,  making  them 
especially  suited  to  exposed  windy  sites  but  wholly  incapable  of  holding 
a  permanent  place  in  the  forest.  On  the  contrary,  spruce  maintains 
a  moderate  rate  of  transpiration  under  the  driest  conditions  (so  far  as 
measured)  for  two  reasons,  namely,  because  it  does  not  mechanically 
restrict  losses  but  forges  ahead  with  growth,  and  because  when  the  water 
supply  is  low  it  is  still  more  able  than  any  of  its  competitors  to  supply 
its  needs  and  is  not  so  soon  restricted  either  in  transpiration  or  growth. 
These  facts  stand  out  very  clearly.  In  this  comparison  we  have  placed 
Douglas  fir  next  to  spruce,  believing  that  the  actual  position  shown  by 
Table  XI  is  misleading,  because  the  trees  involved  did  not  develop 
normally. 

In  resistance  to  winter-drying,  limber  pine  with  its  peculiar  structural 
development  and  spruce  with  its  high  physiological  resistance  have 
shown  themselves  about  equally  effective.  Douglas  fir  and  yellow  pine 
follow  with  increasing  weakness.  Lodgepole  pine  shows  greater  resistance 
than  would  be  expected,  a  fact  which  we  shall  not  attempt  to  explain  at 
present. 

Considering  the  drought  resistance  of  seedlings,  through  the  wilting 
coefficients  of  a  number  of  soils  in  which  they  have  been  compared,  we 
find  the  same  physiological  properties  evidently  at  work,  though  much 
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obscured  by  the  relative  sizes  of  the  seedlings  and  their  root  developments. 
The  seedlings  of  spruce  and  lodgepole  pine  are  small  and  frail  and  in  the 
first  two  or  three  months  develop  scarcely  more  than  half  the  root 
produced  by  Douglas  fir  and  yellow  pine.  As  a  result,  even  when  care¬ 
fully  protected  from  excessively  rapid  water  loss,  lodgepole  pine  seedlings 
show  far  less  drought-resistance  than  the  others.  Spruce  seedlings,  on 
the  other  hand,  show  quite  as  great  resistance  as  those  of  pine  or  fir 
when  not  excessively  insolated,  and  possibly  a  little  more  if  the  drought 
condition  is  approached  every  slowly.  Limber  and  bristlecone  pine 
seedlings,  as  meagerly  observed,  resist  drought  with  the  best  of  the  others, 
no  doubt  because  of  a  low  rate  of  transpiration.  In  this  connection  the 
soil  conditions  leading  up  to  wilting  of  seedlings  should  be  borne  in  mind. 
Rarely  is  it  possible  for  the  roots  to  reach  and  extract  all  of  the  moisture 
which  it  would  be  physically  possible  for  them  to  absorb.  The  complete¬ 
ness  of  this  absorption  depends  very  much  on  capillary  movement  in 
the  soil.  If  the  amount  required  by  the  seedling  is  small,  this  movement 
may  supply  the  needs.  Therefore,  the  rate  of  transpiration  by  the  seed¬ 
ling  is  very  important  in  determining,  to  a  fine  point,  the  degree  of 
drought  which  it  will  resist. 

In  nature  all  possible  rates  of  soil-drying  are  represented,  dependent 
very  much  on  the  amount  of  insolation  on  the  site  and  to  some  extent 
on  the  nature  of  the  soil  cover.  The  open  south  exposure  will  usually 
dry  at  the  immediate  surface  very  rapidly.  Because  of  the  lack  of  humus, 
however,  the  layer  just  below  the  surface  may  remain  moderately  moist 
so  long  as  the  quantity  of  water  below  is  sufficient  to  maintain  capillary 
movement.  When  that  end  is  reached,  the  soil  undoubtedly  dries  out 
very  rapidly  to  a  considerable  depth.  Even  with  the  respite  furnished 
by  capillary  movement,  the  whole  process  of  drying,  in  continuously 
bright  and  dry  weather,  seems  likely  to  be  accomplished  here  sooner 
than  in  the  contrasting  site  .  This  may  be  on  bottoms  or  north  exposures 
where  the  total  moisture  supply  is  sufficient  to  produce  a  closed  stand, 
heavy  shade,  and  the  accumulation  of  humus.  In  this  soil  the  surface 
litter  and  humus  are  rarely  thoroughly  wetted  except  during  and  imme¬ 
diately  after  the  melting  of  snow.  The  more  decomposed  humus  below, 
however,  due  to  a  lack  of  insolation  and  being  protected  bv  the  surface 
litter,  is  rarely  dry  except  after  prolonged  drought.  It  dries  out  slowly 
and  steadily,  however,  both  through  the  demands  of  the  roots  below  and 
bv  direct  evaporation.  It  follows  that,  since  these  demands  in  the  aggre¬ 
gate  are  very  large,  such  a  soil  may  at  unusual  times,  or  possibfy  in  the 
usual  autumn  drought,  become  extremely  dry,  especially  so  in  the 
physiological  sense,  because  of  its  high  wilting  coefficient. 

On  the  one  hand,  then,  we  have  the  rapidly  fluctuating  moisture 
conditions  of  the  well-insolated  site,  which,  for  the  establishment  of 
seedlings  would  appear  to  demand  prompt  germination  and  prompt 
deep  rooting.  Yellow  pine  is  preeminently  adapted  to  these  conditions 
by  reason  of  its  large  seeds,  which  produce  large  sturdy  seedlings  with 
a  habit  of  immediate  deep  rooting.  There  is  nothing  in  the  evidence 
on  this  species  to  suggest  conservatism  in  the  use  of  water.  Probably 
the  extravagant  use  of  water  assists  in  protecting  from  excessive  heat. 
Success  is  dependent  on  the  roots  reaching  a  layer  of  the  soil  which  does 
not  dry  out  dangerously  through  insolation.  It  follows  logically  that 
yellow  pine  can  not  attain  success  in  the  face  of  competition,  either 
with  the  roots  of  established  trees  or  with  grasses  and  herbs  whose  use 
of  the  water  would  materially  augment  the  drying  of  the  surface  layer. 
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The  large  moisture  demands  of  yellow  pine,  with  the  normal  amount  of 
precipitation,  can  only  be  supplied  in  open  stands,  which  first  permit 
the  safe  establishment  of  the  roots  at  a  depth  and  later  their  extension 
into  a  large  area  of  soil.  This  is  of  fundamental  importance  in  the  manage¬ 
ment  of  the  species  and  explains  the  ultimate  failure  of  one  crop  of  seed¬ 
lings  after  another  in  stands  which  are  already  moderately  crowded  or 
apparently  fairly  open. 

Next  in  order  on  such  sites  we  might  expect  to  find  Douglas  fir,  because 
it,  also,  produces  a  deep-rooted  seedling.  However,  we  should  bear  in 
mind  that  this  species  transpires  less  freely  than  yellow  pine  and  hence 
may  not  be  able  to  tolerate  so  much  insolation.  Extended  observation 
shows  that  it  will  grow  almost  anywhere  that  yellow  pine  will  grow, 
provided  only  the  seedlings  may  have  shade  until  they  have  passed  the 
stage  when  most  susceptible  to  heat  injury.  The  fact  that  seedlings 
start  in  the  shade  of  and  in  the  densest  root  area  of  yellow  pine  trees 
shows  that  this  species  requires  less  moisture  than  yellow  pine  or,  at 
least,  that  the  moisture  is  not  a  controlling  factor,  and  it  is  apparently 
for  this  reason  that  Douglas  fir  forms  the  climax  forest  except  on  the 
warmest  yellow  pine  sites. 

Limber  pine  and  bristlecone  pine  are  also,  by  germination  and  rooting 
habit,  adapted  to  well-insolated  sites.  The  sap  density  of  bristlecone 
pine,  however,  is  apparently  considerably  higher  than  that  of  limber 
pine,  and  therefore  it  succeeds  better  on  cooler  sites  and  on  heavier 
soils.  The  physiological  development  of  both  species  and  their  growth 
rates  are  so  low  that  neither  can  hold  a  place  in  the  forest  in  competition 
with  spruce  or  Douglas  fir. 

On  the  other  hand  we  have  the  poorly  insolated  sites,  commonly 
described  as  “cool  and  moist,”  which  are  subject  to  comparatively  slow 
and  wide  seasonal  changes  in  their  moisture  conditions. 

Spruce  seedlings  on  account  of  their  growth  habit  are  able  early  in 
the  season  to  penetrate  the  layer  of  loose  organic  matter  which  is  in 
many  seasons  thoroughly  wet  only  after  snow  melting.  The  small  seeds 
germinate  at  a  lower  temperature  than  those  of  other  species.  There¬ 
after  the  roots  show  little  stimulation  to  further  growth.  Even  the 
dryness  of  the  fall  period  does  not  appreciably  stimulate  root  growth  in 
the  new  seedlings,  and  it  is  believed  that  this  is  clear  evidence  of  the 
ability  of  the  species  to  extract  water  from  the  soil  at  a  low  degree  of 
availability.  Possibly  because  of  their  generally  higher  organization, 
spruce  seedlings  even  prefer  a  low  moisture  content  which  results  in 
greater  concentration  of  the  soil  nutrients.  In  such  a  situation  Douglas 
fir  has  no  theoretical  advantage  over  spruce  except  in  case  of  a  drought 
so  prolonged  as  completely  to  dry  out  the  soil  layer  in  which  the  spruce 
roots  are  found.  Then  the  deeper  rooting  of  the  fir  should,  apparently, 
count  in  its  favor.  But  in  the  established  forest  this  can  hardly  be  a 
material  advantage,  considering  the  evenness  and  depth  of  the  drying 
where  the  soil  is  well  occupied  by  older  roots. 

The  situation  with  regard  to  lodgepole  is  very  different  from  that  of 
our  other  forest  trees,  and  the  writer  takes  from  the  evidence  the  liberty 
of  suggesting  either  that  it  is  just  approaching  the  physiological  status 
of  a  full-fledged  tree  or  that  it  is  such  a  recent  migrant  to  the  Rocky 
Mountain  region  as  to  have  failed  by  far  to  adapt  its  mode  of  growth 
to  the  poor  moisture  conditions  usually  found  where  its  heat  require¬ 
ments  are  best  satisfied.  Some  of  the  evidence  on  the  latter  point  has 
been  presented  by  the  writer  (j).  Clements  (9)  has  classed  lodgepole 
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as  even  more  intolerant  of  shade  than  yellow  pine,  and  a  fairly  low 
photosynthetic  efficiency  is  clearly  indicated  in  this  paper.  Yet,  while 
evidently  demanding  a  great  deal  of  light  as  well  as  moisture  during 
the  growing  period,  it  shows  no  such  habit  as  that  possessed  by  yellow 
pine,  of  prompt  germination  or  deep  rooting.  It  is  evident,  therefore, 
that  it  is  adapted  only  to  sites  with  a  steady  supply  of  moisture  and  de¬ 
mands  more  than  can  usually  be  supplied  by  either  of  the  contrasting 
situations  which  have  been  described.  It  is  probably  for  this  reason  that 
it  reproduces  readily  only  where  competition  is  decidedly  lacking,  ad¬ 
heres  to  the  higher  elevations  where  moisture  is  more  abundant  but 
where  its  growth  rate  is  surprisingly  slow,  and  has  not  penetrated  to  the 
south  where  there  is  a  very  sharp  contrast  between  the  summer  rainy 
period  and  the  clear,  dry  weather  of  autumn.  In  its  range  there  is,  to 
be  sure,  a  generally  steady  decrease  in  the  precipitation  from  May  or 
June  onward,  but  this  is  usually  so  gradual  as  to  permit  a  great  degree 
of  adjustment. 

CONCLUSION 

In  concluding  this  paper,  it  may  be  said  that  certain  physiological 
relationships  between  the  species  which  are  of  great  importance,  espe¬ 
cially  for  a  proper  understanding  of  forest  growth,  have  been  brought 
out  and  tentatively  established  by  approach  from  several  angles,  but 
that,  from  the  standpoint  of  natural  reproduction  and  in  relation  to  all 
questions  of  natural  distribution  of  the  species,  these  relative  physio¬ 
logical  qualities  are  not  shown  to  be  more  controlling  than  some  adapta¬ 
tions  of  form  and  characteristics  of  behavior  which  may  be  adequately 
described  only  by  the  word  “habit.”  Technical  forestry  or  silviculture 
might  be  said  to  be  based  on  the  venerable  concept  that  the  several 
species  of  the  forest  vary  in  their  demands  for  light  or  their  tolerance 
of  shade.  This  concept  is  not  only  not  altered  by  the  present  results 
but  is  confirmed,  and  the  relation  of  the  photosynthetic  capacity  of  a 
given  species  to  its  heat  and  moisture  requirements  is  made  much  more 
clear  and  definite  than  it  has  appeared  heretofore.  Spruce  is  shown  to  be 
the  most  efficient  of  the  species  considered,  not  only  because  of  its  high 
photosynthetic  capacity,  but  also  because  when  this  capacity  is  exercised 
the  species  automatically  becomes  economical  in  its  use  (by  transpira¬ 
tion)  of  water  and  at  least  in  this  sense  has  low  moisture  requirements. 
At  the  same  time  it  may  be  rendered  sensitive  to  excessive  temperatures. 
On  the  contrary,  yellow  pine,  commonly  thought  of  as  very  drought 
resistant,  is  found  to  require  much  light  and  heat  and,  with  these,  to 
use  comparatively  large  amounts  of  water  per  tree  of  given  size.  Of 
course,  the  facts  fit  more  closely  with  preconceived  ideas  when  spruce 
stands  are  compared  with  pine  stands,  the  much  smaller  number  of  in¬ 
dividuals  in  the  pine  stand  not  only  compensating  for  the  high  individ¬ 
ual  water  use  but  being  a  most  vital  concomitant  of  this  individual 
requirement.  In  other  words,  with  the  low  moisture  supply  com¬ 
monly  available  in  the  low  elevations  and  warm  situations  (which  alone 
insure  proper  development  of  the  pine) ,  wide  root  spread  and  an  open 
stand  are  vitally  necessary  to  insure  the  water  supply  of  the  individual 
tree.  The  practical  importance  of  this  fact  in  forest  management  should 
be  very  clear. 

It  will  be  seen,  then,  that  these  physiological  relations  principally 
clarify  our  conceptions  of  growth.  Spruce  is  a  better  grower,  a  more 
efficient  mechanism  for  growth,  than  Douglas  fir,  and  fir  more  efficient 
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than  pine.  In  forest  planting,  where  use  is  made  of  trees  which  have 
been  carefully  nurtured  beyond  the  stage  of  greatest  susceptibility  to 
heat  and  drought  injury,  this  difference  in  the  efficiency  of  our  species, 
particularly  the  more  effective  use  of  water  by  spruce  and  fir,  may  be 
advantageously  employed,  the  ranges  of  these  species  being  artificially 
extended  downward,  without  any  injurious  effects,  while  by  natural 
reproduction  such  extension  would  be  completely  prohibited  or  would 
be  very  slow.  With  even  greater  care  the  economic  loss  resulting  from 
the  planting  of  any  species  in  a  situation  too  high  or  too  cool,  or  in  stands 
too  dense  for  its  proper  development,  must  be  avoided. 

In  short,  when  it  is  considered  that  any  cutting  of  a  forest,  by  admitting 
more  light  and  creating  higher  temperatures  in  the  surface  soil  and  more 
rapid  fluctuations  of  the  moisture  on  which  young  seedlings  are  depend¬ 
ent,  tends  to  encourage  a  species  more  “hardy”  but  of  a  lower  order 
of  development  than  the  one  which  dominates  the  stand  (not  necessarily 
of  lower  technical  value) ,  it  is  not  difficult  to  see  that  all  forest  management 
hinges  on  these  relative  physiological  properties  for  which  we  have  been 
groping.  Finally,  it  may  be  said  that  all  of  the  physiological  relations 
are  embodied  in  the  now  rather  general  conclusion  of  foresters  that  the 
highest  returns  can  be  had  from  forestry  only  when  cutting  is  followed 
by  planting. 

This  brings  us  to  the  original  object  of  the  present  study,  which  has 
been  to  explain  the  existing  natural  forest  types,  to  explain  the  distribu¬ 
tion  of  the  species.  As  has  been  pointed  out,  natural  distribution  is 
plainly  influenced  at  present  by  habits  and  adaptations  which  have 
developed  in  each  species  and  which  to  a  considerable  extent  compensate 
or  balance  the  more  deeply  embedded  physiological  qualities.  Without 
again  going  into  the  details  that  have  been  brought  out,  we  may  illus¬ 
trate  to  show  how  these  developments  affect  natural  distribution.  In 
figure  5  an  attempt  is  made  to  show  the  influence  of  these  developments 
on  distribution,  in  a  broad  way.  It  has  been  indicated  that  spruce 
may  be  very  sensitive  to  high  temperatures,  but  especially  so  at  a  very 
early  age  when  the  seedling  is  small  and  tender.  In  consequence  of  this 
weakness,  which  is  a  result  of  its  most  fundamental  organic  character, 
probably  for  ages  no  spruce  seedling  has  been  able  to  develop  at  a  low 
elevation  or  on  a  very  well-insolated  site  at  a  middle  elevation.  Such 
sites  as  are  suitable  in  respect  to  insolation  and  heat  must  show  almost 
invariably  quite  even  moisture  conditions  and  usually  soils  characterized 
by  a  surface  layer  of  litter  and  humus.  Consequently  spruce  has  de¬ 
veloped  a  rooting  habit  suited  to  these  moisture  and  soil  conditions — a 
relatively  slow  and  feeble  rooting  habit  which  does  not  suffice  for  quick 
establishment  under  any  other  conditions.  As  a  further  consequence, 
spruce  has  evolved  very  small  seeds,  there  being  no  need  for  large,  sturdy 
seedlings  or  for  deep  rooting  before  the  seedling  may  itself  manufacture 
food.  It  is  seen,  then,  without  enumerating  any  other  similar  develop¬ 
ments,  that  the  species  would  have  great  difficulty  in  extending  naturally 
to  any  sites  other  than  the  cool  and  moist  ones  on  which  it  is  com¬ 
monly  found.  The  common  conception  has  been  in  error  only  to  the  ex¬ 
tent  of  assuming  that  the  essential  feature  of  such  sites  is  a  large  moisture 
supply.  It  is  now  fairly  evident  that  the  individual  spruce  tree  does  not 
require  a  large  moisture  supply  even  though  this  may  insure  the  full¬ 
est  development  of  the  stand  and,  in  view  of  this  fact,  that  spruce 
may  be  used  in  planting  where  the  moisture  supply  is  relatively  low. 
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Fig.  5. — A,  Theoretical  zonation  and  relative  heat  requirements  on  the  basis  of  photosynthetic  capacity. 
B,  Actual  zonation  and  relative  dominance  as  influenced  by  adaptations  of  roots  and  foliage. 
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It  is  to  be  hoped  that  this  distinction  between  the  temporary  qualities 
of  seedlings  which  acutely  influence  natural  reproduction  and  extension 
of  ranges  and  the  more  fundamental  qualities  of  the  species  which  later 
control  growth  reactions  and  economic  values  may  be  clearly  held  in 
mind,  since  it  becomes  increasingly  apparent  as  time  goes  on  that  the 
factors  controlling  reproduction  must  be  considered  as  almost  independ¬ 
ent  of  those  controlling  later  growth. 

In  a  succeeding  paper  on  this  subject  it  is  hoped  principally  to  show 
to  what  extent  the  environmental  conditions  of  the  different  forest  types 
differ  and,  in  the  light  of  what  we  have  so  far  seen,  to  weigh  carefully 
the  importance  of  each  condition  so  that  those  conditions  which  are 
really  essential  to  the  success  of  a  given  species  may  be  clearly  under¬ 
stood.  The  practical  application  of  these  facts  in  forest  management 
may  then  be  shown,  it  is  hoped,  in  more  definite  terms. 
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A.  — Tree  No.  i,  yellow  pine,  19x7. 

B.  — Tree  No.  4,  Douglas  fir,  1917. 
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A. — Tree  No.  5,  lodgepole  pine,  1917. 

•B- — Tree  No.  8,  Engelmann  spruce,  1917. 


A.  — Tree  No.  10,  limber  pine,  1917 

B.  — Tree  No.  11,  bristlecone  pine. 
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A. - — Large  spruce,  No.  u,  in  1920  transpiration  test. 

B.  — Small  spruces  in  Pot  9,  1920. 


PLATE  s 

A.  — Arizona  yellow  pine,  Pot  15,  1920. 

B.  — Montana  yellow  pine,  Pot  18,  1920. 
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PLATE  6 


A.  — Vigorous  limber  pine,  Pot  16,  1920.  Water  requirement  773  units. 

B.  — Sluggish  limber  pine,  Pot  21,  1920.  Water  requirement  4,785  units. 


PLATE  7 


A.  — Asymmetrical  development  of  yellow  pine,  probably  resulting  from  repeated 
winterkilling  of  limbs  on  the  west  side.  (Looking  south.)  July  2,  1916. 

B.  — Relative  root  developments  in  moist  sandy  soil  of  seedlings  30  days  after  sowing. 
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